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A B S T R A C T 
Biomediation of Turbulence and Suspended Sediment Characteristics in Marsli 
Surface Flows - The Influence of Spartina anglica 
George W . Graham 
Laboratory experimentation in a large aimular flume (radius 3 m, channel width 
and water depth 0.4 m) has been conducted using a geometrically and dynamically 
similar Spariina anglica mimic (canopy height 0.21 m, stem density 1000 stems 
m~^) to investigate the influence of submerged Spartina on hydrodynamics under 
unidirectional currents {Uh = 0.2 m s~*) and the impact upon the dynamics of 
suspended cohesive sediments near the bed wi th in the canopy. 
The vertical distribution of canopy biomass strongly influences vertical profiles 
of time-averaged velocity and turbulent quantities. A n inflected velocity profile is 
observed in the region 0.79 < z/h < 0.9 which generates shear, T K E and Reynolds 
Stress peaks within vicinity of the canopy top. In this region T K E peaks at 15 
times the levels observed in un-vegetated experiments. Flows at the canopy top are 
strongly intermittent wi th extremely efficient downward momentum transfer, uf] 
and ufz (stream-wise and vertical zero-mean fluctuating velocity) skewness are 0.5 
and -0.5 indicating the presence of intermittent downward penetrating gusts. Near 
the bed (0 < z/h < 0.3) mean flow velocities are reduced by 88 - 90% in comparison 
to un-vegetated flows but turbulence intensities are strongly augmented by wake 
shedding f rom vegetative elements. T K E in this region is approximately equal to 
that in un-vegetated flows. 
Novel field observations in a low energ>', estuarine fringing marsh site on the Tavy 
Estuary, U K , with a vertical array of synchronous velocimeters and optical backscat-
ter sensors exhibit low velocities (<0.6 ra s"*) and suspension concentrations (<100 
mg L"* ) in agreement wi th laboratory simulations. While field observations of 
near bed flows exhibit similarity to those measured in the laboratory, magnitudes 
of time-averaged flow throughout the water column are so small that the velocity 
profile appears constant over depth. Superimposed upon the low field velocities are 
small wind generated waves ( < 0.05 m in height and with periods < 3 s) which have 
a considerable impact on flow energy and stress estimates, but crucially, cannot be 
replicated in the laboratory experiments. Dissipation rates within the laboratory 
canopy are 70-200x10"'* m~^s"^ giving reduced Kohnogorov length scales of 0.04 -
0.14 mm. Field values for dissipation are generally of similar magnitude but peak 
at up to 600 X10"** m~^s~^. Kolmogorov length scales are consequently 0.06 - 2.6 
mm. Using natural intertidal mud, suspension concentrations of 100-200 mg L~* 
have been sheared through the mimic canopy. Observations from a vertical array 
of miniaturised OBS sensors suggests sediments are maintained in suspension twice 
as long, under constant unidirectional currents, compared to un-vegetated flows. In 
the field ini t ial concentrations of 100 mg L~* quickly decay to background levels of 
<20 mg L " * indicating the rapid setthng of material f rom suspension. 
Use of a novel digital in-line holographic particle iinaging system and the develop-
ment of a particle tracking methodology has enabled the high resolution observation 
of both sample size and settling velocities of suspended cohesive particles. Labora-
tory observations of sample averaged size (74.5 - 111.7 mm) and settling rates (0.35 
- 1 mm s~*) are in agreement wi th published estimates and the limited observational 
data that exists for settling rates in marsh systems. Settling velocities estimated 
in the field at 0.1 - 0.8 mm s~ .^ Significantly larger and fast settling aggregates 
have been observed than previously recorded. In the narrow range of experimen-
tal suspension concentrations and shear stresses utilised in the present experiments, 
significant diff^erences in particle size and settling velocity between vegetated and 
un-vegetated flows cannot be identified. Contrasting flux estimates using sample 
averaged settling rates and concentrations wi th fu l l spectral estimates derived f rom 
the holographic particle imager indicate an error in the former fluxes of, on average, 
62%. The range of settling rates observed during the pr^ent study raises questions 
regarding the accurate representation of marsh surface settling fluxes in numeri-
cal simulations. Large magnitude flux errors may have significant implications for 
accurate accretion rates in numerical models of marsh sedimentation. 
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Chapter 1 
Introduction 
The principal environmental, societal and economic concerns of the Century are 
associated with adaption to the impacts of global climate change. For coastal low-
land commmiities these impacts will mainly be driven by Relative Sea Level ( R S L ) 
rise and an increase in extreme water levels associated with increased frequency 
and intensity in meteorological forcing. Current government guidance, based upon 
reports by the Intergovernmental Panel on CUmate Change ( I P C C ) and the U K 
Climate Impacts Programme ( U K C I P ) and used by regional planning bodies for tlie 
development of regional spatial strategies and local development frameworks, sug-
gests that by the year 2100 the East of England will experience 90.4 cm of sea level 
rise above the present mean water level while the South-West and Wales will expe-
rience 85.8 cm and the North-West, North-East and Scotland will experience a rise 
of 74.5 cm above current water levels (HMGO, 2006). Questions are consequently 
arising about the viability and sustainability of existing coastal defence poUcy and 
engineering measures. Historically, coastal developments have sometimes unwit-
tingly modified the natural processes of shore face erosion and accretion in less than 
optimum ways. A paradigm shift occurred during the early 1990's as the coastal 
management community began to understand and map the risks associated with 
coastal processes at large-scales within self contained littorgJ cells (regions of coast-
line joined by closed sediment transport pathways). Shoreline Management Plans 
(SMP) for each littoral cell in the U K have evolved as high-level, non-statutory 
planning policy frameworks to guide the development of sustainable coastal man-
agement strategies and ensure that coastal engineering works are informed by a 
wider understanding of the large-scale dynamics within a littoral cell. Recognition 
that transgression of the existing shoreline is an inevitable consequence of R S L rise 
SMP's outline a number of possible management options for adaption. Where fea-
sible, minimalist or sympathetic intervention in coastal dynamics is the preferred 
option since this has a lower impact on shore processes and reduced economic cost 
1 
in comparison to building and maintaining defence structures. Of course, in areas 
of high-value shoreUne the creation and/or maintenance of hard defence structures 
is the only option, and SMP's outline management options guided by the following 
four tenants. 
1. Ho ld the line - the flood defences continue to be maintained in their existing 
position 
2. Advance the line - new defences are built in front of the existing ones 
3. Managed realignment - allow the shoreline to recede to a new defence line 
or Umit 
4. N o active intervention - no further provision or maintenance of defences 
Managed re-alignment, or set-back, of the coastline and the associated (re)development 
of wide areas of intertidal mudflat and salt marsh environments developed from the 
recognition of the intrinsic wave- and current dissipation properties of natural tidal 
flats and vegetated salt marsh environments and the recognition of the abiHty of 
such systems to reduce coastal lowland flooding by spreading water over large areas, 
in much the same way as fluvial flood plains operate at times of high discliarge. 
Utilisation and manipulation of the natural coastal defence attributes of geomor-
phic systems has become firmly entrenched in coastal planning policy because of 
the lower construction and ongoing maintenance costs in comparison to *hard' engi-
neering structures and because of the intrinsic ecological and biodiversity benefits. 
As a consequence of the development of SMP's and the uptake of Managed Re-
aUgnment as a defence strategy, much research has been prompted into salt marsh 
morphodynamics in an attempt to better understand the long term - 0(hundreds of 
years) - response of these systems to anticipated changes in dynamical forcing. At 
smaller temporal scales - 0(hours - years) - much research has been undertaken into 
quantifying marsh surface hydrodynamics and spatial patterns of sediment accumu-
lation in order to develop and improve numerical models of these systems. Processes 
operative at very small time and space scales within the flows over vegetated salt 
marsh surfaces have, until very recently, received little attention. Yet understanding 
of these processes (e.g. biomediation of waves, currents and suspended sediment dy-
namics) is, arguably, of great importance in order to construct, manage and predict 
the development of these systems over longer time scales. 
For most of the tidal cycle, the upper part of the intertidal zone (i.e. that with 
elevation greater than or equal to mean high water level) is exposed to sub aerial 
conditions. Tidal flats and salt marshes (occupying the upper portions of inter-
tidal mudflats and characteristically continuously vegetated by halophytic grasses 
and low shrubs) are valuable, but vulnerable, habitats, which are being eroded at 
unprecedented rates. It has been estimated that R S L rise will result in the loss 
of SjOOO - 10,000 hectares of intertidal mudflats and marshes in England between 
1993 and 2013 (Pye and French, 1992). Marshes are important transition zones 
between terrestrial and aquatic systems and mediate the transport and exchange 
of sediments, nutrients, metals and contaminants to, and from, the wider coastal 
and estuarine environment. They are also important ecosystems in their own right, 
rich in biodiversity. ser\ing as important feeding and nursery grounds for fish, and 
over-wintering sites for migratory bird species. Along with their coupled fronting 
mudflats, tliese systems play a crucial role in the healthy functioning of coastal and 
estuarine systems. 
salt marsh systems occur on a wide range of substrates and geomorphic settings 
and Pye and French (1993a) outline seven geomorphic classifications from open coast 
marshes to ria/loch-head marsh systems appropriate to the Atlantic and southern 
North Sea coasts of Northwest Europe. Diversity of marsh type if also influenced by 
relative position within the tidal frame, marshes on the East Coast of the USA being 
much lower than those in NW Europe for example. Further more, the vegetation 
can vary radically (in terms of species, density and height) as a result of substrate 
composition, water levels during inundation and the genetic composition of the lo-
calities seed bank. Finally, marshes may be distinguished by the way in which 
sediments are supplied to their surfaces. NVV European marshes are dominated by 
external inputs of minerogenic sediments, while sediment inputs to those of the US 
East Coast are derived mainly from organic material associated with plant produc-
tion and decay on the marsh surfaces themselves. This thesis focuses exclusively on 
marsh types found in NW Europe. The large scale geomorphological impression of 
these marshes is a quasi-horizontal platform that slopes gently seaward (Fig. 1.1) 
and is often dissected by dendritic networks of drainage creeks. Depending upon 
the age of these environments and the prevailing hydrodynamic regime, the seaward 
edge of these features may merge seamlessly into fronting mudlflat or the transition 
may be marked b}' a sudden change in elevation associated with a cliff"ed edge. The 
vegetation is characteristically short plants, such as grasses, which are zoned from 
pioneer species at the exposed seaward limit to a more mature community at the 
most landward position. The substrate of most west European salt marshes consists 
mainly of cohesive sediments (size range: clay/silt to fine sand - refer to Table 2.1 
in § 2.4). Organic matter content can be significant (0(10% by weight)) increasing 
the capacity of the sediments to absorb and bind nutrients and pollutants. These 
substrates and the material in suspension (even in relatively low concentrations, i.e. 
<5%) are, therefore, of utmost ecological importance (de Vriend, 2003). 
Upper 
marsh Mudflat 
MHWS 
Figure (1 .1) . A schematic of salt marsh and fronting nmdfiat (lateral view, not 
to scale) showing sub-division into 'zones' based on relative elevation. Vegetation 
is illustrated in green and tlie approximate position of the pioiK'er zone, referred to 
in the text, is also indicated. 
Coastal and estuarine intertidal and supratidal habitats* are under increasing 
piessure from the combination of seaward transgressions of coastal development 
and naturally driven losses, via wave erosion, at their seaward edges. Landward 
transgressions of the sea. forccnl by HSL rise, contributes further to "coa-stal sciueeze": 
exacerbating the combination of anthropogenically and naturally induced salt marsh 
loss. If these systems are pinned landwards, against static man-made sea defences, 
there is no scope for compensatory landwards transgression and the spatial extent 
of intertidal areas is reduced. The current estimate of .salt marsh loss to 'coastal 
squeeze' and erosion in the U K is in the region of 100 hectares per year ( U K B A P . 
1999). The ])reservati()n of salt marshes, their restoration or artificial construction 
re(iuires a good knowlexlge of the environmental conditions that drive these systems. 
This includes an understanding of sediment and nutrient fluxes, and henc<' leads 
to similar research questions as those posed for vegetated fluvial floodplains. One 
such example is: To what extent does vegetation cover influence flow and suspended 
sediment dynamics in salt marsh systems? 
Large scale, capital engineering works are becoming increasingly undesirable as 
th(\v are comsidered to leeid to imsustainable (and possibly detrimental) shoreline 
protection as well as incurring significant financial and environmental costs. In the* 
light of projected increases in R S L . and the current economic climate, there has 
been a shift in focus from designing new structures for stabilisation, to managing 
and maintaining existing s>'stems (de Vriend. 2003). The assumptions that salt 
marsh environments will make valuable contributions to long term coastal defence 
'Salt marshes and their fronting mudflats should be considered as a single coupled unit in 
the coastal system. Fronting mudflats affect the hydrodynamic conditions at the marsh edge and 
marshes act as seasonal sediment buffers for their fronting mudflats. 
stem from observations of forced, depth limited wave breaking and the associated 
dissipation of wave energy across the planar, vegetated surfaces of these systems 
(Moller et al., 1999, Moller and Spencer, 2002). Yet the extent of research into the 
influence of marsh vegetation on hydrodynamics (and, by extension, suspended sed-
iment dynamics) does not reflect the importance of the topic. In a bid to offset the 
adverse effects of coastal squeeze on important intertidal habitats, attempts have 
been made to contrive favourai>le conditions for quasi natural habitat development. 
Subtle variations in marsh topography result from the interaction of physical and bi-
ological processes that control intertidal sediment accumulation and redistribution. 
The closely coupled feedback interactions between ecology and geomorphology - bio-
geomorphologi^ (Viles, 1988) - are illustrated in Figure 1.2. To understand the origin 
and stability of marsh systems, and to shed light on the spatial variability of salt 
marsh system processes and functions it is imperative to expand understanding, and 
predictive capability, with regard to the subtle biophysical interactions/feedbacks 
between ecology, sediment transport and geoniorphology. These interactions ulti-
mately control marsh sustainability. The complex coupling between sedimentolog>^ 
benthic biology and h^Tlrodynamics is at present poorly understood, yet the con-
trol, protection and development of coastal features such as salt marshes can be 
effective only if both the coupled physical and biological processes involved in their 
morphodynamics are understood (Packham and Willis, 1997). 
The concept of certain key-stone species having important 'Ecosystem- or 'Bio-
Engineering' roles^, is both non-controversial and well accepted. Hydroperiod. eleva-
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Figure (1 .2) . Generalised biogeomorphological interactions illustrating the prin-
cipal biogeomorphological impacts. Adapted from Viles and Spencer (1995). 
^Definilion: biologically mediated modificalions of ihe abiolic environment, in which plants are 
typically seen as autogenic engineers - changing their environment via their own physical presence 
tion, turbidity, hydrodynamics, sediment stirring/wave re-suspension, and sediment 
accumulation/stability affect the conditions suitable for vegetative colonisation of 
mudflats and contiimed vegetation of salt marshes. There is a considerable degree 
of feedback within such systems as vegetation dvnamically interacts with the flow 
(de Vriend, 2003). Vegetation is, therefore, a key factor in the interrelated >\strin 
of flow% sediment transport and geomorphologv' (Tsujimoto, 1999) in these environ-
ments (Figure 1.3). 
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Figure (1 .3) . Conceptualisation of principle niorphodynamic feedbacks, and the 
influence of ve<^etation (transhicent green box), in an idealistMl sah marsh system. 
l)irr< t vc^rtativc iiif1tien( <«s may he velocity attenuation, wave di.ssipation. turbu-
lence modification and the intercei)tioii and ( ai)tiire of siispeiKied particles in addi-
tion to contrii)Utill}; to or«;aiiic matter accumulation on the nuu*sh surface. 
Although salt marshes have been extensively studied. inide»rstanding of their mor-
phodynamic response is relatively poor, mainly because (a) no two systems have the 
same external and internal forcings (which has hindered the development of any-
thing but the most generalised exploratory models); (b) magnitudes of morphological 
(•lian,«;r an- >nial l . occnrr i i i ,^ o v r r loi i^ t i i i i r jx-r iods in (oini)aris<)n to n<»n-r( )hrs ivr 
swstoms and ( c ) tlio l)i( )j)hvsi(al int c i a c t i< ^ns that d o i n i n a l c c o l i o i v e sed in irnt d \ -
namics are little understood. Se<linient exchange fluxes witli surrounding systems 
and the persistence of salt marsh systems in the face of rising R S L are therefore of 
both morphological and ecological concern and it is these themes that salt marsh 
-N^Tem research predominantly att('iiij)ts to address. One important and potentially 
fruitful research area is in quantifying the effect of marsh surface vegetation on 
the processes that regulate the deposition of cohesiv*' sediments f r o m suspension. 
thus becoming part of the engineered habitat. Contrast this with allogenic engineering, where 
biotic or abiotic materials are transferred, by an organism, from one physical state to another. 
A considerable body of reseai-ch has developed that has focused on the fine-scale 
spatio-temporal structure of marsh surface flow which has necessitated a consid-
eration of the influence of marsh surface vegetation on mean and turbulent flow 
structure. Particular attention has been focused on Spartina anglica (a ubiquitous 
cord grass) and the major works in this field are reviewed in Chapter 2. S.anglica 
has widespread geographical distribution (Bird, 2000) and, along with other species 
such as Salicomia perennis^ is generally one of the first species to colonise exposed 
mudflats around the level of mean high water neaps, forming the low marsh or 'pi-
oneer zone' on the seaward edge of many salt marsh systems (Figure 1.1). This 
sparsely vegetated zone is the most morphologically dynamic region of a marsh as 
it is exposed to a high incidence of wave and current driven erosion. Present and 
predicted increases in sea level are likely to initiate dynamic changes particularly 
at these lower levels in the salt marsh with increasing rates of both erosion and/or 
accretion. Therefore the pioneer Spartina species is arguably one the most impor-
tant genus of herbaceous perennials present in salt marshes around the world. In 
many parts of the world S.anglica has been planted in reclamation schemes to sta-
bilise unconsolidated sediments. It can occur in monotypic stands, which makes for 
relatively simple biotic assemblages. However in most salt marsh systems there is 
pronounced heterogeneity in vegetative assemblages making the environments ex-
tremely complex. While waves are the main agent responsible for marsh erosion, 
diurnal inundations transport suspended sediments into these systems. There is a 
continual oscillation of cross shore sediment transport (at both tidal and seasonal 
scales) in this region. Accumulation and erosion are rarely balanced and in most 
cases erosion predominates at the seaward limit of a marsh, though the high shear 
strength of the substrate, and infrequency of 'erosive' events, means that landward 
regression is almost imperceptible over short time periods. The movement of wa-
ter and suspended sediments across a marsh platform is key to its topography and 
to the spatial distribution of mineral sediments across it. yet this remains perhaps 
the worst understood aspect of marsh morphodynamics (Allen, 2000). Biophysi-
cal impacts on hydrodynamics and consequent modifications to suspended sediment 
dynamics are, at present so poorly understood that it is difficult to predict, in 
the medium- to long-term, the fate of salt marsh systems under anticipated R S L 
changes. Additionally there are some considerable scale-related issues in including 
the important biophysical interactions that occur at the scale of a vegetative stand 
over relatively short time periods, within predictive models of longer-term, larger 
spatial scale marsh morphodynamics that might be useful in assessing future marsh 
evolution. Figure 1.4, along with additional information in Table 1.1, indicates that 
processes occurring over the scale ranges of 1 mm, 1 m and 10 m (indicative of pro-
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Figure (1.4). Illustration of scale relations for geomorphological systems based 
upon (de Vriend. 1991) (solid dark lines) with assumed linear extrapolation to 
smaller space and timescales relevant to the present study. Dynamic interaction 
occurs for processes operating at spatio-temporal scales bounded by the solid or 
dashed lines. Where there is large separation of scales, processes can be described 
as either boundary conditions or system noise. 
cesses operative at scales of individual vegetative elements, the canopy height and 
sward length) are not directly linked. In other words it is not possible to directly 
upscale from processes operative at millimetres to those operative at meters or tens 
of meters. Instead there is a continuous cascade of processes up the scale range 
such that the influence of processes operating at the millimetre scale on processes 
operating at scales of tens of meters may only be understood by comprehending the 
influence of processes at the millimetre scale on tlie centimetre scale, the centimetre 
on scales of tens of centimetres etc. as outlined in Table 1.1. In part, an incomplete 
understanding or parameterization of system complexities at all scale ranges has 
prompted the development of behavioural or probabilistic models to gauge the long 
term response possibilities of these landfornis to variations in external forcing (see 
for example Nicholls et al., 2005, French and Burningham, 2006, McFadden et al., 
2007). Possible impacts of vegetation on suspended sediment dynamics are consid-
ered in more detail in § 2.3 of Chapter 2, from which the aims and objectives of this 
project are developed. 
Process Scale Boundary Condit ion Noise 
1 mm >1 cm <0.1 mm 
1 cm >10 cm <1 mm 
10 cm >1 ra <1 cm 
1 m >10 m <10 cm 
10 ra >100 m <1 ra 
Table (1.1). Identification of hmits between Dynamic Interactions, Boundary 
Conditions and Noise for a selection of discrete Process Scales from Figure 1.4. 
Aims and Objectives 
The dynamics of sediment transport and deposition within salt marsh systems have 
largely been examined in a gross fashion in attempts to map spatial patterns of 
sediment accumulation. Vegetation has a significant influence on water flow in salt 
marshes though the fine resolution, species dependent effects are poorly understood. 
The consequent effects of such modifications on suspended sediment transport pro-
cesses are poorly known (Baptist, 2003) and there remains a significant void in 
our understanding of sediment dynamics on the scale of the vegetative stand. Al-
though there has been some research on either flow through or sediment transport 
within vegetation (this existing research is discussed in Chapter 2) fundamental 
insights into the link between vegetation and sediment transport are still required 
(de Vriend, 2003). Enhanced understanding of the dynamics of suspensions within 
vegetative canopies will provide an important link between canopy hydrodynamics 
and observed accumulation/erosion rates in and around vegetative stands. 
The ciims of this project are, therefore, two fold. (1) to examine the influence 
of a common salt marsh macrophyte {Spartina anglica) on the mean and turbu-
lent flow structure under uni-directional currents. (2) to investigate the potential 
impacts that hydrodynamic modifications have upon the physical processes that 
regulate the settling and transport of suspended sediments. 
Specific objectives in relation to aim (1) are to: 
• Quantify the vertical distribution of time averaged mean flow and turbulence 
statistics associated with equilibria flow-canopy interactions; 
• Quantify differences in mean flow and turbulent structure between vegetated 
and un-vegetatcd flows; 
• Quantify the spatial structure of coherent, turbulent motions within the canopy; 
• Determine the vertical coherence of these structures and the extent to wliich 
these motions force momentum exchange between various layers within the 
canopy. 
To address aim (2), specific objectives are to: 
• Observe the form, and temporal evolution, of the vertical distribution of sus-
pended sediments within the canopy; 
• Exfunine the differences in the clear2mce rates of suspended sediments between 
vegetated and un-vegetated flows; 
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o Examine the influence of vegetation on the size distribution and settling flux 
of suspended, flocculated particles; 
o Explicitly relate flow dynamics with suspended sediment transport over both 
time averaged and instantaneous scales (e.g. link velocity structure with 
concentration profiles and observed momentum fluxes with scalar transport) 
within the canopy. 
It is hoped that this study will thus make small, though nonetheless valuable, 
contributions to understanding the role of one particular species of vegetation in 
regulating suspended sediment dynamics in salt marsh environments. It will also 
provide quantitative insight into the mechanisms of this regulation and data on flow 
structure and suspension dynamics on which to base further investigations and pa-
rameterisation for evolving numerical models. 
This thesis takes the following structure; A review of relevant literature is pro-
vided in Chapter 2 and a conceptual framework for inquiry is developed. In Chap-
ter 3 details of the proposed experiments are given and the instrumentation utilised 
is discussed. Hydrodynamic results are presented and discussed in Chapter 4. In 
Chapter 5 the results of suspended sediment concentration and particle size exper-
iments are presented and discussed. Results of a short field experiment to verify 
the laboratory observations are presented in Chapter 6. Chapters 4 - 6 are synthe-
sised with existing research in Chapter 7 before the main findings are summarised 
in Chapter 8. Suggestions for further work are laid out in § 8.3 of Chapter 8. 
11 
Chapter 2 
Review of Current State of 
Knowledge 
This chapter presents a comprehensive, critical assessment of the literature relevant 
to understanding the roles which vegetation may play in the widely held axiom of a 
"vegetative effect on suspended sediment deposition". Such an effect is a contentious 
issue in marsh system science since the time scales within which these systems evolve 
is large, there is inherent spatial and temporal variability in deposition rates and de-
position is synergistically controlled by multiple, interax;ting factors at many scales. 
§ 2.1 provides brief coverage of the essential aspects of marsh morphodynamics. It is 
assumed that the reader has some familiarity with the geomorphology of salt marsh 
systems, further background information can be found in Pethick (1985), Allen and 
Pye (1992), the comprehensive review by Allen (2000) and Masselink and Hughes 
(2003). An introduction to the ecology of these systems is provided in the classic 
texts by Adam (1990) and Packham and Willis (1997). 
It has frequently been suggested that vegetation affects suspended sediment de-
position (e.g. Brown, 1998, Callaway et al., 1996, Cluristiansen et al., 2000, Leonard, 
1997, Yang, 1998) and the roles that vegetation may play are commonly considered 
to be threefold: 
1. Bio-stabilisation and protection of the bed by root and rhizome binding; 
2. Attenuation of flow velocities and an accelerated decay of turbulence; 
3. Direct interception and capture of particles from suspension. 
(1) is not considered in this review as attention is restricted to interactions within 
the water column (see Coppin and Richards (1990) for a det£uled consideration), (2) 
provides a hydrauhc mechanism for regulating sediment deposition and both field 
and laboratory observations show strong relationships between time-averaged flow 
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velocities, turbulence and vegetation. These interactions are discussed in § 2.2. The 
exact couplings between suspended sediment dynamics and marsh surface vegetation 
are largely unknown and, as yet, no explicit link has been forged between suspended 
sediment dynamics (i.e. bulk concentration changes, the processes identified in (3) 
and deposition) and hydrodynamic modifications induced by marsh surface vegeta-
tion. A range of possible interactions are addressed in § 2.3. In addition to (3), it 
is speculated in this thesis, that vegetation may play a further more subtle role: 
4. Direct and/or indirect modification of suspended particulate characteristics 
(e.g. size, shape, setthng velocity) 
By adjusting the size of suspended particles, either through their direct collision 
with vegetated elements or as a consequence of modified shear stresses within the 
water column, the setthng velocities and thus the mass flux to the bed may be 
altered in comparison to un-vcgetated flows. § 2.4 examines the flocculation process 
in vegetated flows which may be one of the key components in the conceptual model 
of interactions between vegetation and suspended sediment dynamics presented in 
Chapter 1. 
The majority of the basic vegetation-flow interactions have at least been concep-
tualised, however there are limited studies that provide numerical data to quantify 
the conceptual relationships (Madsen et al., 2001). This review draws on a fairly 
disparate range of research papers as the study of biological, hydrodynamic and 
sedimentary interactions in marsh system science lags those of atmospheric flows 
through terrestrial canopies or fluvial floodplain hydraulics. The importance of 
bio-sedimentary interactions, as a principle, has slowly gained acceptance and a 
blossoming of research in this field is evident. Much of the work in the atmospheric 
sciences on terrestrial canopy interactions with the atmospheric bomadary layer still 
underpins the conceptual understanding of shallow, vegetated flows discussed in 
§ 2.2. The penultimate section of this review (§2.6) considers some of the concep-
tual and methodological issues that arise from the critical appraisal of the literature. 
An explicit consideration of these issues is required since they need to be taken into 
account during development of the experimental methodology, which is presented 
in Chapter 3. 
2.1 A Review of Fundamental Salt Marsh Mor-
phodynamics 
Water and suspended sediments are supplied to a marsh surface from estuarine/coastal 
waters directly over the seaward edge of the marsh platform and/or via dendritic 
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creek networks, which dissect the marsh and allow a gradual flooding of the en-
tire surface wi th the rising tide. Flow speed and direction are driven by local 
pressure gradients, variations in marsh surface topography and the distribution of 
creeks. Field observations typically show a pronounced asymmetry flood-ebb veloc-
ities (Boon, 1975, Bayliss-Sniith et al., 1979, Green et al., 1986, French and Cl i f ford, 
1992) and in suspended sediment concentrations on the flood and ebb tides (Wang 
et al., 1993, French et al., 1993, Christiansen et al., 2000). Suspension concentration 
peaks during the flood and quickly declines wi th l i t t l e or no increase during the ebb. 
Such asymmetry suggests a pulsed sediment introduction during a brief flood veloc-
ity maxima (i.e. sediment is advected onto marsh, then settles quickly) and that ebb 
tide velocities are too low for resuspension of sediments during marsh drainage. As 
a result, trapping efficiencies of marsh surfaces are large (Stumpf, 1983) and these 
systems, certainly in the medium term, are sinks for suspended sediments. When 
source waters flood the marsh surface, the deceleration of flow reduces the carrying 
competence of the water allowing advected sediments to settle as per settling lag the-
ory (Potsma, 1961). This simple model exjjlains the formation of steep geomorphic 
gradients in deposition which occur in proximity to the marsh/creek edges where 
large amounts of hydraulically coarse material are deposited along channel margins, 
forming levees. Finer materials are maintained in suspension and washed into the 
marsh interior (Furukawa et al., 1997. Jin and Romkens, 2001). The low settling 
velocities of these fines, and the eventual exhaustion of suspended material along 
extended pathways of water movement (Reed et al., 1999), explains observations of 
exponential reductions in sedimentation wi th increasing distance from source wa-
ters (French et al., 1995, Furukawa et al., 1997). In conjunction wi th infreciuent 
inundation, this helps explain the low sedimentation rates observed on areas of high 
marsh (Stumpf, 1983). Long term averages of sediment accretion typically suggest 
a relatively simple inverse relationship between accretion and elevation yet repeated 
measurements over short time inter\'als indicate considerable variability in local ac-
cumulation patterns (Adam, 1990). Some of this variability may result from complex 
flow paths on marsh surfaces and the influence that surface vegetation may impart 
on the structure of the flow. Arguably, normal t idal flooding alone cannot supply 
the quantity of material required to maintain annual sedimentation rates on marsh 
platforms and the role of high-magnitude, low-frequency events are very important 
in both the inundation of the whole marsh, causing large-scale deposition in all ar-
eas, and in introducing coarse sediments onto the marsh surface (Goodman et al., 
2007). 
The position of a marsh in the tidal frame is a delicate balance between verti-
cal accretion, autocompaction and erosion. Accretion is principally determined by 
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Figure (2.1). Schematic rcpr. s r i i t a t ion of the principal intrinsic (ontroLs, and their 
spheres of infinence, on marsh surface sediment deposition. Extrinsic controls (RSL 
rise, wave climate etc.) are not presented though they are considered in Figme 1.3 
sediuient deposition and autogenic primary production. Elevation loss of the marsh 
surface is induced by self-weight consolidation (i.e. autocoinpaction) of substrate 
wi th in the marsh. Severe erosion at the seaward l imit may also contribute to eleva-
t ion loss. A combination of geomorphic and hydrological factors principally c o i i t K . l 
sediment deposition (Figure 2.1). Biotic factors, such as the presence or absence of 
vegetation. arc> also increasingly implicated as regulatory agents in the d("position 
l)r()ccss. W i t h a multi tude of controlling factors, which interact .synergistically to 
control sedimentation rates, it is unsurprising that field observations show strong 
spatial and temporal variations both on and between salt marshes systems. 
2.2 Hydrodynamic Modification by Vegetation 
Flow changes abruptly when i t encounters a canopy. Generally speaking, mean 
currents are decelerated and re-directed in three-dimensional space upon entering 
a stand, strongly modifying the vertical velocity profile and creating characteristic 
canopy turbulence (Fimiigan, 2000). As wil l be discussed, canopy height, density, 
biomass distribution, specie composition and continuity influence water movement. 
Early interpretations of canopy flow dynamics viewed vegetative canopies as baffles 
(Ranwell, 1972, Pethick, 1981). I t is certainly well established that unidirectional 
flow velocities axo strongly reduced in all types of dense vegetation (Leonard and 
Luther, 1995, Leonard et al., 1995, Shi et al., 1995, Dame et al., 2000, Widdows and 
Brinsley, 2002, Davidson-Arnott et al., 2002, Leonard et al., 2002) which has lead 
to extensive planting programmes in a bid to promote deposition and counter the 
large scale erosion of marsh platforms around the world (Bi rd , 2000). Time averaged 
fluid dynamical processes at the canopy scale are most studied (Koch et al., 2006) 
yet there are conflicting phenomenological observations of both sediment accretion 
(Castellanos et a!., 1994, Sanchez et al., 2001, Yang, 1998) and erosion (Pethick 
et £il., 1990, Brown, 1998) in and around vegetative stands. These differences show 
that vegetative impacts are not as simple as initially thought and, as yet, there 
are few causal links between flow modification induced by vegetation and an accre-
tionary response. This apparent paradox, and the increasing need to model sediment 
deposition patterns in vegetated flows, has led to a surge in attempts to understand 
the way in which vegetation may regulate deposition processes. 
2.2.1 Baffling and Bed Sheltering 
Current research on the sheltering effect of salt maxsh vegetation has aimed at 
quantifying the influence that above-ground biomass has on prevailing near-bed 
hydrodynamics (time averaged velocity, bed shear stresses etc.) and by inference 
the processes of sediment transport and deposition. Stem density has aj i important 
controlling function. I t is reasonable to assume that at some critical density a canopy 
may become sufficiently sparse that a dynamically significant effect on the flow ceases 
to exist. Instead the structure of the flow is dominated by the superimposition of 
wakes f rom individual, isolated elements. Conversely at very high densities, current 
within the canopy is strongly attenuated due to the extraction of momentum by 
increased hydrodynaniic drag induced by the vegetative elements (Kadlec, 1990, 
Shi et al., 1995). Both Widdows and Brinsley (2002) and Graham and Manning 
(2007) have performed laboratory experiments wi th canopies of natural S.anglica 
and have identified an apparent upper l imi t to a stem density dependant threshold 
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Figure (2.2), Velocity reduction by Spartina anglica. Reproduced from Widdows 
and Brinsley (2002) 
for mean velocity reduction. Such annular flume experiments show a non-linear 
relationship between stem density and attenuation of near-bed velocities within 
the canopy (Figure 2.2). Widdows and Brinsley (2002) suggest that the substrate 
beneath canopies of Spartina are vulnerable to erosion i f stem densities are < 400 
stems m"^. A t such a density both Widdows and Brinsley (2002) and Graham 
and Manning (2007) show that mean currents are reduced by 80 - 90% of their 
free streaim values. The stem densities at which the influence of the canopy ceases 
to be significant are below canopy densities found in the field except for very thin 
raajgins around the edges of salt marsh systems which are cliaracterised by sparse 
vegetation. Observed reductions in velocity are generally interpreted as being below 
critical thresholds for erosion (PML, 2003) and that such quiescent conditions are 
conducive to deposition. 
The duration and intensity of turbulent fluid motion, rather than mean flow 
speed, has the primary control over erosion, transport and distribution of sediments 
(French et al., 1993). Variations in TYirbulence Kinetic Energy ( T K E ) , which can be 
proportionally related to shear stress ( r ) where production is balanced by dissipsr 
tion (Soulsby, 1983), have important practical implications for the entrainment of 
sediments and their mbdng in suspension. The movement of suspended sediments 
is driven by (a) downward settling due to gravity, (b) turbulent diffusion guid (c) 
horizontal advection by the mean current. Both the intensity and the size of turbu-
lent eddies are important as their product (eddy diflFusivity) determines the erosivity 
mixing capacity of the fluid (Houwing et al., 2002). Two important factors play a 
decisive role in determining the distribution and total amount of suspended load; 
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bed shear stress and the vertical diffusivity of the solid phase by its carrier fluid. 
Bed shear stress governs the rate at which sediment is re-entrained into the flow and 
vertical diffasivity defines the competence of the flow, in terms of keeping particles 
in suspension and its ability to diff'use sediment entrained from the bed into the wa-
ter column. Turbulence and suspended sediments are discussed more thoroughly in 
§ 2.2.4 and § 2.3. Lopez and Garcia (1998) modelled the effects of vegetation on sus-
pended sediment transport capacity and showed a reduction in bed shear stresses and 
reduced capacity of vegetated flows to mobilise and carry sediments in comparison 
to un-vegetated flows. Baptist (2003) showed both numerically, and experimentally, 
that a reduction in bed shear stress of about 80% occurs in the presence of vegeta-
tion compared to un-vegetated scenarios. Erosion studies, carried out by Widdows 
and Brinsley (2002), contrasted changes in suspended mass between bare sediment 
and that vegetated with S.anglica (588 stems m ' ^ ) . They show (Fig. 2.3) that, 
although vegetation reduces near-bed velocities, the actual critical erosion velocities 
are slightly lower in the presence of S.anglica stems than in their absence (0.05 and 
0.07 m s~*). The authors attribute this to the turbulence created by the vegetation 
and the scour that occurs around each stem. Neumeier (2007b) observes that in the 
near bed region (0 < 2 < 6 cm) of laboratory flows through emergent vegetation, 
turbulence levels are significantly elevated in comparison to un-vegetated or ful ly 
submerged flows. This increase is a combination of relatively high near bed current 
velocities that can be achieved wi th in emergent vegetation ( in comparison to sub-
merged vegetation) and the contributions f rom bed shear and eddy shedding in the 
lee of vegetative elements. The magnitude of sediment erosion and resuspension, 
and its frequency of occurrence, are controlled to a large extent by the particle size 
and composition of the bed substrate and the associated critical shear stresses at 
the sediment-water interface (Madsen et aL, 2001). Fine sediments are further com-
plicated by electro-chemical and biologically mediated cohesion which elevates the 
critical erosion thresholds of the sediments. However, Baptist (2003), using coarse 
sand, demonstrated that a similar sediment transport rate can be realised under 
vegetation at a lower level of bed shear stress than in an un-vegetated reference 
case. This observation is also attributed to elevated turbulence levels within the 
vegetation, which can be up to a factor of 4 times greater than above bare sediment. 
Vegetated flows appear to be capable of suspending particles more eflftciently than in 
an un-vegetated scenario. Elliot (2000) observed that mobilisation of bed sediments 
during experiments wi th artificial vegetation occurred at surprisingly low velocities. 
Elliot (2000) hypothesised that vegetation would stabilize bed sediments provided 
the energy gradient of the flow remains the same. However, the obstruction of flow 
by vegetation strongly modifies energy gradients wi th consequences for both bed and 
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Figure (2,3). Comparison of sediment mass eroded and depth averaged current 
speeds {z = 0 — 0.1 m) in the presence and absence of Spartina anglica stems. Note 
that the vegetation induces a five fold reduction in current velocity but that critical 
erosion velocities appear to be lower in the presence of the stems. Reproduced from 
Widdows and Brinsley (2002) 
suspended load transport. In contrast, Lopez and Garcia (1998) observe a reduced 
ability of vegetated flows to entrain sediment and at tr ibute this to the lower stream 
wise momentum (due to momentum absorption by vegetation) that is transferred 
to the bed. 
I t is impossible to ful ly consider canopy/flow interaction effects based on single-
point, near-bed measurements of hydrodynamics since submerged canopies inf lu-
ence flow statistics over their fu l l height. Ini t ial attempts at accounting for canopy 
height used a perturbed boundary layer model (Figure 2.4), representing vegeta-
tive elements, collectively, as a zero-plane displacing roughness layer (Packham and 
Wil l is , 1997, Pye and French, 1993b). W i t h this displacement, and a steepening 
of the velocity gradient, associated wi th increased momentum extraction from the 
flow, elevated shear stresses above the zero plane displacement layer were observed 
(Bagnold (1941) presents exeimples f rom AeoHan sediment transport research). Be-
cause the major i ty of shear stress appeared at the top of the vegetative canopy, i t 
was beheved that l i t t le was transmitted to the bed (Pye and French, 1993b). This 
bed protection effect of the vegetation was expected to reduce erosion by sheltering 
the substrate. However, this model does not account for complex vertical struc-
ture wi th in the canopy, which has considerable effects on local water movement and 
turbulent structure. 
Canopy height controls the position of maximal shear above, and in conjunction 
w i t h the density of vegetative elements regulates the transmission of momentum 
to the bed. Vogel (1994) distinguishes between 3 types of flow (Fig. 2.5) based on 
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Water surface 
Figure (2,4). Schematic of U(z) . H, water depth; h, canopy height; d, zero 
plane displacement. Vegetation increases surface roughness, enlarging the roughness 
length (ZQ), displacing the origin of U to d. Source: Packham and Willis (1997) 
the ratio of inter-elements spacing (s, i.e. vegetative density) to object height: 1) 
'Independent flow' where each roughness element influences the surrounding flow in 
isolation (i.e. no wake interaiction) for 5 ^ / i ; 2) 'interactive flow', for s is marginally 
> h , where wake vortices start to interact wi th downstream objects; and 3) 'skim-
ming flow', where s <^ h, obstruction density is large the individual elements act 
collectively to deflect flow as though they are a single, solid block. In this regime, 
regions of high shear are displaced above the bed to 2 h. Such redirection of 
flow over the top of the obstructions, wi th flow between elements reduced, has been 
termed skimming flow (Morris, 1963, Johnson, 1990). This occurs when the critical 
ratio is close to 1 (Vogel, 1994). The 'skimming flow' hypothesis has remained in use 
as an explanatory model, despite the emergence of more elegant hypotheses which 
wil l be introduced, and adopted as complete parsimonious explanations of canopy 
flow interactions, in § 2.2.3. Where vegetation occupies a large vertical fraction of the 
water colunm, momentum transfer to the bed may be efficiently reduced and resus-
pension events decline. Lopez and Garcia (1998) observed a critical threshold above 
which momentum transfer to the bed is significantly reduced (Fig, 2.6). I t is unclear, 
however, what the extent of this reduction is. For example is i t the frequency or 
magnitude of the transfer which is modified? The relationship between turbulence 
intensity £md population density is complex because i t reflects the opposing effects of 
drag induced velocity reductions within a vegetative stand and increased turbulence 
production in the wakes of individual obstructions. There is a nonlinear relationship 
between stem density and magnitudes of shear stresses, a typical response being that 
turbulence initially increases in low density canopies but eventually decreases wi th 
increasing obstruction density (Nepf, 1999). This is apparent in laboratory observa-
tions (Graham and Manning, 2007) and, as wi th mean flow velocities (above) there 
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Figure (2.5). Schematic of density dependant modifications to the velocity field. 
Vertical profiles of flow before and during flow through an array of uniform obstruc-
tion elements is illustrated to left and right of the central figure. Source: FViedrichs 
(2004) 
Figure (2.6). Variation of the ratio of computed shear velocity ( f / . ) in vegetated 
flow: shear velocity {y/gHso) in un-vegetated flow. Momentum transfer decreases 
towards the bed once a critical threshold in dimensionless stem density (Ha) has 
been exceeded. Reproduced from Lopez and Garcia (1998) 
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are likely to be threshold stem density dependences for these changes in intensity. 
Within-canopy turbulence intensity is not well characterised (Juraau^s et al., 2001) 
and there are conflicting obserx'ations of elevated (Gambi et al., 1990, Grizzle et al., 
1996), unchanged (Worcester, 1995) and decreased (Ackerman and Okubo, 1993) 
levels. This partly reflects the problems associated wi th single point measurements 
obtained within highly inhomogeneous flow fields where the scales and intensities of 
turbulence are spatially and temporally variable, and that a consistent methodology 
for hydrodynamic measurements has yet to be adopted amongst the majori ty of the 
vegetated flow research community (refer to section 2.6). The intensity of turbulence 
influences entrainmcnt and the maintenance of vertical concentration gradients in 
suspended sediments. Where energ>' levels are reduced, both vertical mixing and 
the potential for erosion are reduced. W i t h i n a uniform array, bulk turbulence levels 
are a function of the free stream velocity and the obstruction density (Nepf, 1999, 
Nepf and Koch, 1999) but in real canopies the vertical variation in biomass, and the 
flexibihty of the vegetation make significant contributions too. Increased levels of 
turbulence experienced at sparse plant densities may explain why discrete clumps 
of vegetation, unlike continuous swards, do not promote sediment accumulation and 
may actually enhance erosion as observed by Brown (1998), Pethick et al. (1990), 
Coppin and Richards (1990). The relationship between turbulence intensity and 
stem density is further discussed in section 2.2.4.2. 
2.2.2 Vertical Profiles of Time Averaged Canopy Hydrody-
namics 
The presence of vegetation that occupies (either partially or entirely) the water 
column, can alter flow characteristics significantly. The vertical velocity distribution 
is inversely related to biomass distribution, as momentum is absorbed from the flow 
through the whole depth of the canopy as a result of hydrodynamic drag on the 
vegetation. In-homogeneous bioraass distributions in the vertical cause variations 
in the frictional resistance off'ered by the canopy eind this has a subtle eff*ect on the 
vertical profile mean smd, in combination wi th canopy density, element size, spacing 
and flexibility, the fluctuating properties of the flow. Vegetative elements (even 
of the same species) diff^er in terms of characteristic size (height, leaf length, stem 
diameter etc.) and the number of elements per unit area (canopy density i f unit 
area is horizontal, or canopy architecture is unit area is considered in the vertical). 
For canopies that occupy a large fraction of the water column, the canopy elements 
and the non-uniform vertical distribution of drag exerts a strong influence on the 
flow structure. Typical canopy flow profiles (such as those illustrated schematicfilly 
23 
in Figures 2.4 and 2.5) contrast strongly with those observed in open channel flow, 
where velocity distributions generally fit the logarithmic 'Law of the Wal l ' and peak 
turbulence intensities occur near the bed (Nezu and Nakagawa, 1993). The notion 
that vegetation causes only a slight perturbation of the boundfury layer is obviously 
too simplistic an approach as the conventional logarithmic profile is total ly disrupted 
and the log law becomes invalid for canopy flow (Nepf, 1999). 
The major i ty of investigations of vertical velocity profiles have been imdertaken 
in controlled, laboratory conditions. Early work utilised miniature impeller type 
current meters (Shi et al., 1995, Pethick et al., 1990) to gauge time-averaged flow 
speeds while the most recent investigations have used miniaturised Acoustic Doppler 
Velocimeters ( A D V ) to obtain 3D single point velocity measurements for estimat-
ing turbulence parameters (Ghisalberti and Nepf, 2002). Nearly all such work has 
been carried out on vegetation, or mimics, with relatively simple morphology such 
as the marsh grass Spariina (Neumeier, 2007b, Bouma et al., 2005b) or the sea-
grass Zostera (Ghisalberti and Nepf, 2004). Time-averaged measurements of unidi-
rectional currents generally show the reduced velocities, correlated wi th vegetative 
density/biomass distribution, and the absence of a logarithmic velocity profile wi th 
the canopy. 
Pethick et al. (1990) studied the flow structure in a canopy of emergent S.anglica 
with an impeller type current meter and identified two layers of flow, by visual ex-
amination of the time averaged velocity profile and the identification of an apparent 
discontinuity in flow speed at 3 - 10 cm from the bed. The upper layer (z >3 - 10 cm) 
had a generally logarithmic shape and shear velocities were in excess of the critical 
values needed to maintain par t ic le (10 - 100 microns in diameter) in suspension. 
Shear velocities in the lower layer {z < 3 - 10 cm), which takes on linear form, were 
reduced in comparison to the upper layer or profiles obtained f rom un-vegetated con-
ditions and were always lower than critical values required for suspension. Petliick 
et al. (1990) hypothesise that the deposition rate within the canopy appears to be 
dependant upon the thickness of the lower layer, which thus limits deposition po-
tential i f this layer is isolated from the suspended sediments in the layer above. The 
suggestion is that the two layers do not communicate and there is no scalar exchange 
between them. This two layer model implies that suspended sediments are supplied 
to the bed solely by lateral advection through the lower flow layer of the canopy 
and not by vertical exchange wi th in the water column itself. Exhaustion of the 
suspended material in the lower flow layer would thus prevent further deposition. 
This theory has been adopted by other researchers (Shi et al., 1996, Koch et al., 
2006) but flow stratification and vertical isolation/reduced exchange has yet to be 
documented in the field. Stumpf (1983) undertook a dye tracing experiment which 
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indicated an apparently stationary sublayer wi th in the canopy; 'A similar layer may 
encompass a larger portion of the water column around extremely dense grasses . . . 
suggesting the potential of thick vegetation to increase sedimentation by reducing 
flow and turbulence' (Stumpf, 1983). 
Shi et al. (1995) similarly measured mean stream-wise velocity profiles w i th an 
impeller type current meter above and within fu l ly submerged canopies of S.anglica. 
For tall canopies {h = 300 mm), a near-bed secondary velocity maxima was observed 
within the lower canopy and as canopy height was decreased the free stream flow 
above the canopy took on a characteristic boundary layer profile but with a strong 
inflection at the canopy top. A near-bed velocity maxima in the stem region illus-
trates the strong influence that vertical heterogeneity in biomass distribution has on 
the flow structure, though the authors attr ibuted this to counter-gradient momen-
tum transfer. Secondary velocity maxima are also observed by Pethick et al. (1990) 
and by Shi et al. (1996). Such phenomena are also observed in the field observations 
of Leonard et al. (1995) and Leonard and Luther (1995). The near-bottom mor-
phologies (i.e. the stem region) of simple cylindrical-type vegetation produces lower 
drag than denser collections of leaves in the canopy crown. The influence of shear 
at the bed becomes negligible within a few centimetres above the bed and flow pro-
files are strongly coupled wi th vertical biomass distribution (Neumeier and Ciavola, 
2004) wi th flow being intensified near the bed (Nepf and Koch, 1999) with important 
consequences for sedimentation. There have also been studies in which secondary 
maxima are not observed (Neumeier and Ciavola, 2004, Neumeier and Amos, 2006, 
Neumeier, 2007b), though these studies have been of canopies where >70% of the 
biomass occurs within 10 cm of the bed, again illustrating the importance of drag 
variation in secondary maxima generation. 
P M L (2003) undertook a detailed examination of vertical profiles of time-averaged 
current velocity (Figure 2.7) and shear (Figure 2.8) above a canopy of Salicomia 
europea {h^ 2 cm). The authors interpret the results as showing that, for the cur-
rent velocity, near bed currents {z < h) are attenuated and resort to the skimming 
flow hypothesis to explain enhanced velocities at the top of the Salicornia canopy; 
profiles of shear stress show that shear magnitudes are elevated above the bed for 
all current velocities but are excessively elevated at velocities in excess of 0.2 m s~^ 
The large observed shear stresses are attributed to the turbulence generated by the 
branched Salicomia stems and the authors conclude that although near bed-currents 
within the canopy do not reach the critical erosion velocities observed under smooth 
turbulent flow over un-vegetated sediments for a given current velocity, the shear 
stresses wil l be significantly higher because of the presence of the vegetation. There 
is indeed a slight increase in current velocity above the canopy (^ = 3 — 3.5 cm) 
25 
i 
(at •) 
Figtu*e (2,7). Vertical variation in U within and above a canopy of Salicomia. 
/ i w 2 - 3.5 cm. Reproduced from PML (2003) 
Figure (2.8). Vertical variation in T within 2ind above a canopy of Salicomia. 
/ i S5 2 - 3.5 cm. Reproduced from PML (2003) 
but the most striking feature of these profiles is the inflection that occurs just above 
the canopy (2 = 2 — 3 cm). This profile shape is aJso exhibited in other studies of 
flow through completely submerged 'roughness' elements (for example, polychaete 
tube lawns of Friedrichs (2000)). In submerged canopies, time-averaged turbulence 
intensity appears to be at a maximum with in the middle to upper part of the plant 
canopy (Leonard and Luther, 1995, Ikeda and Kanazawa, 1996) which accords with 
the results illustrated in Figure 2.8. Leonard and Luther (1995) observed similar 
non-uniform profiles of mean velocity and turbulence intensities to those observed 
in the laboratory in canopies of Spartina, Juncus and Distichlis. Their early study 
indicated that mean flow and turbulence intensities on a marsh are less than those 
observed in creek flows by about an order of magnitude and that over marsh flow en-
ergy decreases exponentially wi th increasing distance into the marsh interior, away 
f rom creek edges. Approximately 65% of the original (free stream) energy is dissi-
pated over a horizontal distance of some 3 m f rom the creek. Nepf et al. (1997b) 
simulated a comphcated canopy morphology in the laboratory and showed that the 
addition of leaves near the water surface changes the vertical distribution of drag 
which has strong effects on the velocity profile (Fig. 2.9) creating a sharp reduction 
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Figure (2.9). Profiles of longitudinal velocity (open squares) and turbulence in-
tensity (open circles). For 0 < 2 < 5 cm cylinders mimic the stems of Spartina 
altemtflom; for 2 > 5 cm flexible plastic strips mimic the canopy. Source: Nepf 
et al. (1997b) 
in flow relative to the stem region. Greater drag near the water surface relative to 
the stem region of the canopy causes a flow maxima near the bed. As stem density 
is increased, the obstruction to the flow presented by the canopy crown increases at 
a rate greater than that offered by the stem region (because there are more leaves) 
and the velocity difference between the canopy and the stem region is enhanced. 
The turbulence intensity also exhibits a pronounced vertical variation, wi th the po-
sition of peak intensity at the drag discontinuity at the canopy-stem interface. This 
mimics well the profile measured in the field by Leonard and Luther (1995) and in 
the lab (Shi et al., 1995, Pethick et al., 1990). Similar observations, of an inflection 
profile and elevated turbulence intensities at the canopy top, are obtained above 
fluvial floodplains (Nicholas, 2002). 
Detailed in situ measurements of flow structure (the vertical and horizontal dis-
tribution of velocity statistics) wi th in salt marsh canopies are scarce, except the 
measurements of velocity intensity wi th hot-f i lm anemometery by Leonard et al. 
(1995) and Leonard and Luther (1995) and the recent hot-f i lm results of Leonard 
and Reed (2002). The majority of field studies in which hydrodynamics measure-
ments are made are concerned with some phenomena other than the hydrodynamics 
and these measurements constitute supplementary information on mean flows, often 
obtained at a single elevation (e.g. Christiansen et al. (2000), Shi et al. (2000), van 
Proosdij et al. (2000)). Other field studies have used sensors, for example Electro-
magnetic Current Meters (EMCMs), which average velocities over large, indiscrim-
inate sampling volumes or unsuitable sampling intervals/durations to adequately 
examine canopy flow in these intrinsically unsteady flows. Neumeier and Ciavola 
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Figure (2.10). Variations in vertical profiles of longitudinal velocity over a tidal 
cycle within and above a Spartina maritima canopy. The vertical dotted line indi-
cates 2.5 cm The Vertical bioniass distribution of the canopy (h = 30 cm) is 
on the left. Source: Neumeier and Ciavola (2004) 
(2004) obtciined high rc»solution vertical profiles of velocity in a Spartina marsh by 
the vertical displacement of a single downward-looking A D V over a short time inter-
val. Profiles, consisting of up to 10 points in the vertical were obtained by sampling 
at 16 Hz at each position for 15 seconds before moving the A D V upwards to the next 
sampling location. Leonard and Croft (2006) have also adopted a similar sampling 
strategy, using a single A D V running at 1 Hz to acquire timeseries of 30 seconds 
before moving the A D V to a new position in the vertical. In both these studies sam-
pling time was constrained by the use of a single A D V and the need to complete the 
profile wi th in a period of approximately steady current. The results of Neumeier and 
Ciavola (2004) show an approximately constant profile, or at times a slight linear 
increase in velocity wi th height above the bed, wi thin the canopy and an apparently 
logarithmic profile above the canopy. The apparent evolution of canopy flow over a 
t idal cycle (see Fig. 2.10) and the cycHcal transition f rom emergent to submerged 
flow types as well as the temporal variability of characteristic' profiles over a tidal 
cycle associated w i t l i this transition are also apparent. The results of Leonard and 
Croft (2006) show inverse correlations between velocity and turbulence wi th dis-
tance into a marsh and the vertical profiles of mean flow velocity wi th in canopies of 
Spartina, Juncus and Phragmities show similarities, in terms of pronounced reduc-
tion of flow which is positively correlated u i t h the vertical distribution of biomass, 
to those presented by Neumeier and Ciavola (2004). However, confidence in the 
results presented by Neumeier and Ciavola (2004) and Leonard and Croft (2006) is 
l o w I x ' c a u s c o f t l i c s m a l l s a i i i i ) l i i i ^ ( l u i a t i ( . n > a n d l o w sai i i}) l in ,L; I r r c j i K ' n c i c s (>i i i j ) lov( ' ( l 
which introduces significant variation into the velocity profiles. Due to the l imita-
tions imposed wi th acoustic velocimeterv', measurements could not be obtained by 
Neumeier and Ciavola (2004) at the very beginning and end of inundation when 
the highest near bed velocities, and thus shear stresses and sediment mobilisation, 
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are experienced. Vertical velocities are < 1 cm s~^  wi th in the canopy and are pre-
dominantly directed downwards (see Neumeier and Ciavola (2004, Fig.7, p.441)). 
There is no obvious near-bed velocity maxima which Neumeier and Ciavola (2004) 
attribute to the verticeil spacing between their measurements and the differences in 
canopy architecture from other studies. In the field a higher biomass distribution 
near the bed is observed due to the presence of dead plants, epiphytes and debris 
(biomass at 2 < 15 cm typically represents 87% of the total) . W i t h such a short 
sampling duration and the presence of small surface waves, confidence in the magni-
tude of the velocity statistics presented by Neumeier and Ciavola (2004) is low. The 
paucity of good quality field measurements can be explained by the logistical d i f f i -
culties associated with working in these environments; that low flow velocities ( < 
10 cm s"*) must be measured wi th high spatio-temporal resolution (wi th multiple, 
synchronous measurements in the vertical) to capture stem scale variability in the 
flow structure; and the highly unsteady nature of the t idal flows which complicates 
the choice of sampling duration to obtain tune series stationarity and convergence 
of flow statistics. 
The flow fields on marsh surfaces axe highly unsteady and non-uniform, beginning 
and ending with a dry surface. Shear stress maxima are likely to occur on the flood 
and ebb tide when inundation water depths are small and significantly influenced 
by surface wave motion (Roberts et al., 2000). There is l i t t le information on the 
influence of waves on canopy flow dynamics, although there has been substantial 
research concerning the wave damping capabilities of salt marsh systems (see for 
example Moller et al. (1996), Moller et al. (1999) and Moller and Spencer (2002)). 
The additional turbulence created by the orbital motion of waves plays a significant 
role in sediment transport as the instantaneous energy levels are much higher than 
under tidal currents alone enabling the mobilisation of more sediment. Neumeier 
and Amos (2006) have attempted to examine the influence of wave orbital motion 
on canopy dynamics by rapidly obtaining a velocity profile using a single rackable 
A D V similar to that of Neumeier and Ciavola (2004) then inferring wave motion 
from the magnitude of T K E . Profiles for analysis of turbulent properties and wave 
velocities were obtained from 6 - 9 points in the vertical, recording at each for 40 
- 55 seconds at 25 Hz. Such sampling durations are too short for convergence, but 
the authors defend their choice as a compromise enabling data at several heights 
to be obtained with a single A D V in less than 10 minutes, so that tidal flow and 
water levels could be assumed constant. Typical wave periods were 2.5 seconds so 
each sample contains 16 - 22 waves. Because of the short sampling duration and 
thus the inherent variability in the profiles presented by Neumeier and Amos (2006) 
i t is difficult to reach conclusions about the characteristics of the canopy profiles 
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under waves. As wi th the study of Neumeier and Ciavola (2004) although, in a very 
general sense, vertical profiles show similarity wi th other pubUshed work, confidence 
in the exact values of velocity, T K E and Reynolds stresses is low and these results 
must be interpreted wi th caution as they are likely to be biased due to the short 
duration of measurement. 
The flume experiments of Neumeier (2007b) are the first really detailed consid-
erations of the 3 dimensional structure of flow through S.anglica. Figures 2.11 and 
2.12 illustrate the encounter of flow wi th a S.anglica canopy and the progressive 
development of equilibrium conditions. Despite issues regarding the short sampling 
durations used, these laboratory measurements provide some insight into character-
istics of submerged flows. The most striking results in Figure 2.11 and 2.12 are a 
clear reduction of wi th in canopy velocity compared to that above the canopy, the 
large increase in vertical velocities upon ini t ial encounter of flow wi th vegetative 
elements and the development of pronounced maxima in T K E and shear stress at 
X > 150 cm. The influence of the leading edge of the canopy is clearly visible in the 
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Figure (2.11). Interpolated cross section of flow tluough straight recirculating 
flume vegetated with staggered grid array of Spartina anglica. stream wise mean 
velocity ( [ / ) , vertical mean velocity (W), turbulent kinetic energy (TKE) and 3-D 
Reynolds stress (r^y^) are illustrated. The vertical line at 0 indicates the leading 
edge of the canopy. Source: Neumeier (2007a) 
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Figure (2.12). Interpolated cross section of flow through straight re circulating 
flume vegetated with a randomly arranged ('natural') Spartina anglica canopy. Def-
initions as per Figure 2.11. Source: Neumeier (2007a) 
complicated flow structure that develops in its vicinity. The form of the velocity 
profile during transition from open channel flow to ful ly developed, vegetated flow 
(i.e. flow properties during the adjustment of flow to the presence of vegetation) 
is extremely complex and there has been l i t t le research in situations other than for 
terrestrial canopies. The observations f rom Neumeier (2007b) nicely illustrate this 
transition process under steady flow. Vertical flow magnitude is inversely related to 
obstruction density (Nepf and Koch, 1999) which explains, upon ini t ia l contact w\th 
the vegetation, vertical flow is elevated. The obstruction posed by the canopy in the 
confined duct of the flume appears to be diverting the flow up and over the canopy. 
This results in a noticeable discontinuity between the flows wi th in and above the 
canopy which have been reduced and accelerated, respectively. The deceleration 
is caused by momentum extraction by drag during the encounter wi th the dense 
canopy and, for conservation of the water flux, flow above the canopy is augmented. 
The development of this steep velocity gradient causes intense shear at the canopy 
top, resulting in the pronounced T K E peak. The form of the profile downstream of 
the canopy is not illustrated here. The influence of the canopy may linger in the 
form of the distorted vertical profile for many canopy heights downstream, before 
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the profile can be ^smoothed by vertical diffusion'. The time history of the flow is 
an important consideration when assessing single point velocity and scalar observa-
tions, since antecedent conditions (such as flow over or through roughness elements 
upstream) can exert a large influence. Figure 2.12 illustrates similar canopy char-
acteristics but in a more natural canopy. The disorder of the natural canopy results 
in increasingly distorted velocity, T K E and shear distributions though the essen-
tial pattern remains as that illustrated in Figure 2.11. I t is clear that variations in 
the canopy hydrodynamics is highly unsteady and non-uniform in space, even in the 
controlled environment of the laboratory. Neumeier (2007b) resorts to the skimming 
flow hypothesis (§ 2.2.1 and Figure 2.5) for explanation of the observed variation 
in velocity and turbulence. Time-averaged velocity profiles, wi th the strong veloc-
i ty gradient in the vertical, and TKE/shear stress peaks at the canopy top have 
been shown in Figures 2.5 and 2.8 which have some similarity to the observations 
in Figures 2.11 and 2.12. The skimming flow hypothesis, although capturing the 
essential influence of vegetative density on time averaged canopy flow interactions, 
elucidates l i t t le else about dynamism of processes that occur during the interaction. 
In the following section conceptual models are introduced that can help to explain 
this dynamism and shed further hght on the flow processes that characterise both 
mean flow and canopy turbulence. 
2.2.3 Conceptucd Canopy-Flow Interactions: Models 
Figures 2.4 and 2.5 have illustrated that vertical profiles of current velocity depart 
f rom standard boundary layer forms. In this section, a typical marsh inundation is 
described phenomenologicaliy before conceptual models are introduced to describe 
the canopy flow interactions, and the production of these disturbed velocity profiles. 
At tent ion is restricted to an idealised canopy of Spartina anglica and i t is important 
to remember that site specific variations in vegetation height and inundation depth 
wi l l cause departure f rom the simplified scenarios discussed here. None the less, 
the following phenomenological description wil l aid in understanding the operative 
processes during inundation. 
As water depth increases during progression of the flood tide, inundation of the 
marsh pla t form begins as flood waters overtop the creek banks or the seaward edge 
of the marsh. The water level {H) is below the canopy height (/i) and landward 
transgression of water is initially in the form of sheet, or plug, flow. Water depth 
increases over t ime and suspended sediments are advected onto the marsh f rom 
source waters. As High Water (HW) approaches, flow velocities decelerate, the 
water surfax;e may approach and, i f H is sufficient, then exceed h; totally submerging 
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Figure (2.13). Schematic of a fully submerged canopy {H :s> h). The dark 
line illustrates the characteristic velocity profile cissociated with this regime. Two 
predominant sources of turbulence production, shear at the canopy top find wake 
eddies, are indicated. Of course, wakes are shed from the vegetative elements at all 
scales, but for clarity are shown at only two. 
the canopy. During the ebb tide, as H decreases, the vegetation w i l l emerge once 
again f rom the water surface. Velocities marginally increase as H declines, and 
water drains to leave the marsh surface ful ly emerged before Low Water (LW) is 
approached. Of course, in the relatively shallow flows at the begiiming and the end 
of inundation, the importance of surface waves to marsh surface sediment dynamics 
cannot be neglected. There wil l be important changes in the nature of the flow as 
the canopy oscillates between emergence and submergence. 
In the following subsections three vegetated flow regimes are conceptualised (af-
ter Nepf and Vivoni (2000, p.28)) based on the relative ratio H/h which determines 
the form of the vertical velocity profile generated. These typologies represent tran-
sient conditions which might exist under uniform, fu l ly developed flow. 
2.2.3.1 F u l l y Submerged Reg ime 
Figure 2.13 illustrates a vertically 'unconfined' regime, typified by terrestrial canopies 
(see review by Raupach et al. (1996)) which are essentially unconstrained in the 
vertical due to deep submergence wi th in the boundary layer (i.e. H h). Above 
the canopy a standard, logarithmic boundary layer profile can be observed whereas 
within the canopy the profile takes a more complex form in response to the vertical 
distribution of vegetative element density. Flow within the canopy is attenuated in 
comparison wi th that in the un-vegetated, free stream region above the canopy, due 
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to caiiopy drag. VerticaJ inhomogeneity in canopy biomass distribution wi l l inf lu-
ence the precise form for the velocity profile. Tliere is a pronounced inflection of tlie 
velocity profile across the interface between un-vegetated and vegetated flow, due to 
the significant drag discontinuity between the canopy top and the free-stream flow 
(Ghisalberti and Nepf, 2002). A t the inflection point Kelvin-Hermholtz instabihties 
(referred to hereafter as K-H vorticity) are generated giving rise to a mixing layer 
(Raupach et al., 1996, Ghisalberti and Nepf, 2002, 2004). Mixing layers have domi-
nant length scales of turbulence which can entrain fluid from one side and pass i t to 
the other. The coherent structures, generated f rom instability in the vertical profile, 
are orientated predominantly in the vertical plane and propagate across the top of 
the canopy creating strong mixing in this region. TYirbuIence production from wakes 
behind canopy elements is in the form of von Karman vortex streets (v-K vorticity) 
shed predominately on the horizontal plane. These are both of significantly smaller 
magnitude and length scale than the coherent structures near the canopy top, con-
tr ibut ing, perhaps, only 10% of the in-canopy turbulence (Raupach and Shaw, 1982, 
Nepf and Vivoni, 2000). The length scale of turbulence induced from the shear of 
coherent structures at the canopy top (L^) are of the order h. Within-canopy flow is 
doininantly driven by the turbulent stresses induced during the passage of these co-
herent vortices. Horizontal pressure gradients have a negligible influence on the flow 
in comparison to the vertical, turbulent transport of momentum f rom the overlying 
flow (Raupach et al., 1991). 
2.2.3.2 Depth Limited Regime 
Figure 2.14 illustrates a 'depth limited regime' common in many aquatic canopies. 
In this model the ratio H/h is not large (in the region of 2, according to Nepf 
and Vivoni (2000)). The velocity' profile is similar to that observed in Fig. 2.13 
although the development of a true free stream flow above the canopy (a flow which 
is 'unaware' of the presence of the boundary) is l imited due to the small depth of 
water un-occupied by vegetation. A mixing layer develops, as in Figure 2.13, though 
its size may be limited by the shallow layer of overlying water. Consequently, there is 
an approximately equed contribution to the flow from horizontal pressure gradients 
and the vertical turbulent transport of momentum. 
2.2.3.3 Emergent Regime 
Figure 2.15 illustrates that for H/h < 1 vegetation is emergent, there is no free 
stream above the canopy as illustrated Figures 2.13 and 2.14. In this case tur-
bulence is generated locally by individual vegetative elements, so the turbulence 
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Figure (2.14). Schematic of a depth limited canopy. The dark hne illustrates 
the characteristic velocity profile associated with this regime. As indicated in Fig-
ure 2.13, two dominant sources of turbulence production, shear at the canopy top 
and wake eddies, are illustrated. 
1)% 
Figure (2.15). Schematic of an emergent canopy. The dark line illustrates the 
characteristic velocity profile associated with this regime and the single, domin£mt 
source of turbulence production, wake eddy shedding, is indicated. 
scales shift f rom predominately large-scale shear generation (L^) to predominately 
small-scale wake generated (Lu,) and there is a reduction in vortex size {L^ ^ <Z, 
where d = vegetation diameter). The momentum budget becomes a simple bal-
ance of vegetative drag and pressure gradients (Nepf and Vivoni, 2000) and canopy 
transport is dominated by longitudinal advection. In such shallow water, the surface 
(and/or bed) slope becomes dynamically significant (Nepf and Vivoni, 2000) and the 
proximity of the free surface introduces an additional scaling factor governing fluid 
motion (Lawrence, 1997). Flow regimes on salt marsh surfaces during inundation at 
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high water are generally emergent, though may become depth limited where depths 
ai-e sufficient, during equinoctial spring tides, Highest Astronomical Tide (HAT) or 
under other extreme water level events. 
A four th conceptual model can be introduced that captures the essential dy-
namism of salt marsh systems in response to the temporal variation m water level 
associated wi th tidal motion. A dynamic 'transitional' typology would oscillate be-
tween Depth Limited and Emergent regimes wi th an associated variation in the 
balance between the driving mechanisms of canopy dynamics. The low flow veloc-
ities and possible stagnation at the point of maximum inundation arguably make 
'f low' a misnomer and the question arises as to whether the mixing layer mechanism 
observed in ful ly submerged flows (Figure 2.13) fundamentally changes in canopies 
submerged in low velocity, shallow flows. Grizzle et al. (1996) observed a transi-
t ion from gentle undulation of seagrasses at low flow velocities to a large amplitude, 
synchronous waving at high flows associated wi th the K - H instabilities shed at the 
inflection point. Ghisalberti and Nepf (2002) have demonstrated that the critical 
flow velocity above the canopy required for the init iat ion of this coherent motion is 
0 (0 .1 m s"*). In marsh surface flows, reported velocities are generally <0.2 m s"^  
and, as H W approaches and canopy submergence occurs, velocities are commonly 
<$C0.1 m s~^ The occurrence of such phenomena is questionable during marsh inun-
dation except where h is very small (i.e. grasses) and under conditions of high flow 
speeds. The superimposition of surface waves on the mean flow may push velocities 
momentarily above thresholds for shedding init iation but i t remains to be observed 
what influence waves have on these instabilities. The applicability of the ful ly sub-
merged regime (Figure 2.13), wi th its associated driving mechanisms, to salt marsh 
canopies is perhaps not appropriate and is presented here only for completeness. I t 
is important to reiterate that variations in the canopy height of any particular salt 
marsh wi l l cause departure from the simplified conceptual models presented here. 
A l l Spartina altemiflora canopies as described by Leonard and Croft (2006), for 
example, may never become fu l l submerged meaning that Figure 2.15 is most ap-
propriate, rather than an oscillation between emergent and submerged conditions. 
The the low grass, herb and shrub canopies of many N W European marshes may be 
covered by several meters of water during inundation are emergent for only a few 
minutes at the beginning and end of inmidation. I n this case an oscillation between 
a Depth Limited regime (Figure 2.14) and a Fully Submerged regime (Figure 2.13) 
would be appropriate and the generation of coherent vorticies at the canopy top 
increasingly likely when velocities exceed critical thresholds for formation. 
The major i ty of the time averaged velocity profile observations discussed in 
§ 2.2.2 have characteristics which are well described and immediately obvious as 
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characteristic of the conceptual models of submerged flow which have just been 
discussed. 
2.2.4 Canopy Turbulence 
In addition to affecting the mean velocity, vegetation has also been shown to af-
fect turbulence intensity and diffusion wi th in the canopy (Nepf, 1999). I t is the 
turbulent flow fields that arc of most interest and relevance when considering the 
sediment dynamics withui the canopy, but these have received relatively li t t le atten-
tion (apart from cursory examinations of time averaged properties) in marsh system 
studies to date. To infer effects on suspended sediment dynamics f rom an inspec-
tion of time averaged velocity profiles is obviously inadequate. Various roughness 
geometries may produce the same effect on the mean velocity profile, but the tur-
bulent characteristics may differ significantly. Turbulence is highly intermittent in 
both time and space and we should therefore expect sediment erosion, suspension 
and transport events to be discontinuous and their distribution skewed similarly to 
turbulent event structures. Approaches that do not account for the frequency and 
magnitude of turbulent structures are rather incomplete (Papanicolaou et al., 2001). 
A vast body of knowledge on atmospheric flows over forest and crop canopies (see 
Raupach et al. (1991), Finnigan (2000) as well as investigations on open channel and 
submerged aquatic flows (Nepf, 1999) has shown the importajice, not only of the 
mean flow velocities but also its turbulent properties. The motivation for many of 
these studies has been to understand the related transport processes that influence 
the dispersion of scalar products. As flow is reduced by the drag on stems, branches 
and leaves, turbulent production is also reduced, leading to diminished turbulent 
diffusivity within the canopy (Raupach and Thom, 1981). These changes in advec-
tion and diffusion influence the dispersal and settlement of suspended particles and 
may thus influence deposition, yet there have been only piecemeal attempts to ful ly 
understand these processes. More often than not the influence of hydrodynamic 
modifications of suspended sediment transport is made only by inference (see for 
example Shi et al. (1995)). Diffusive mechanisms driven by turbulent vortices wi l l 
be important where advective currents are weak and turbulence intensities are high. 
Stress maxima in time-averaged velocity profiles (see section 2.2.2) may be indica-
tive of Ijirge vortices in marsh canopies. However, there have been no comprehensive 
studies of these phenomena in marsh canopies. 
The study of coherent structures, that develop f rom the unstable canopy fiow ve-
locity profiles, dominates terrestrial canopy research literature (Fiiinigan, 2000) but 
i t is unclear whether such structures play a crucial role in marsh canopy dynamics 
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(see section 2.2.3). The short perennial Salicomia perennis can be ful ly submerged 
during most inundations and an inflected velocity profile may develop over t h ^ e 
canopies. Whether similar profiles develop over taller species (such as Spartina) 
and the exact influence of the instability on marsh canopy dynamics remains to be 
resolved. 
2.2.4.1 Canopy Spectra 
Frequency spectra can be used to estimate turbulent time scales (and thus estimate 
length scales) but within-canopy spectra are considerably diff'erent to those obtained 
in unobstructed flows (see Fiunigan (2000) for a comprehensive review). 
In unobstructed flow above the canopy, all spectra should collapse on each other 
(wi th no scaling of the frequency axis) especially at and below the peak frequency 
/p. The majori ty of the signal variance is produced by low frequency fluctuations 
(/ < f p ) characteristic of, and associated wi th , large coherent eddies (see Raupach 
et al. (1986)). At f > f p the spectra should show a — | slope over a wide frequency 
range and a roll oflF at dissipation scales and flattening due to instrument noise would 
be expected at high frequencies. W i t h i n canopies, spectra wi l l have much broader, 
higher frequency peaks than those from unobstructed flow above the canopy. This 
is the result of eddy shedding from numerous vegetative elements w i th slightly dif-
ferent geometries. Eddy sizes are init ial ly set by the diameter of the vegetative 
elements and increase with distance from these elements as turbulent wakes de-
velop. The smaller, higher frequency eddies from wake production contribute most 
to the spectrum wi th in the canopy. For fully submerged canopies there may also be 
the addition of energy at low wave numbers as a result of shear at the canopy top. 
W i t h i n the canopy two characteristic processes act as generators of Turbulent K i -
netic Energy to transfer energy from large scales (either mean flow or large eddies) 
toward turbulent fluctuations in space or time at smaller scales: (a) the work of 
Reynolds and dispersive stresses against mean velocity gradients; and (b) the work 
of me£ui flow or large eddies against pressure differences due to obstacles (Lopez 
and Garcia, 2001). The presence of vegetative elements dissects the flow (superim-
posing smaller wavelength vortices) and imposes drag, removing energy from large 
scales, diverting i t to much smaller scales where i t is quickly dissipated. Energy is 
rapidly shunted f rom large to small scales, creating a 'spectral short cut ' (Raupach 
and Thom, 1981). W i t h such a small range between production and dissipation the 
spectra have no classical inertial-convective subrange (Coppin et aJ., 1986). Finni-
gan (2000) conceptualises the processes affecting a typical within-canopy spectrum 
(Fig. 2.16). Common to all spectra are major inputs of energy at low wavenumbers 
( K X ^ ) , which is primarily the result of shear and as a result of coherent motion 
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Figure (2.16). Schematic of energy spectrum function (E(K)) against wave number 
( K ) ) illustrative of the spectral-shortcut, or by-passing of the Inertia! Sub Range 
(ISR) that must be accounted for in canopy spectra theories. ?? is the Kolmogorov, 
or dissipation, Length Scale and Ay the length scale of energy containing turbulence. 
Source: Finnigan (2000) 
at the canopy top, and a steepening of slope at the higher wave number end of the 
spectrum where viscous dissipation begins to remove large amounts of T K E . The 
Kinetic Energy produced in plant wakes ( W K E ) is a significant source of energy 
within a canopy and spectra can become distorted as the Inertial Sub Range (ISR) 
is short circuited as energy is directly shunted from the mean flow to dissipation 
scales by interaction wi th vegetative elements. In marsh-system science this process 
has been referred to as a 're-scahng of eddy size to obstruction geometry' (Nepf et al., 
1997a, Nepf, 1999, Leonard and Luther, 1995) and represents a continual removal 
of energy for the eddy cascade thus affecting the form of the ISR. The anisotropic 
geometry of vegetation means this re-scaling process does not affect all three flow 
components equally and eddies wi th anisotropic tendencies are continually forced at 
large wavenumbers. For example, values of ui\ observed in the field are consistently 
1.5 - 2 times greater than 1 /^3 (Leonard and Reed, 2002). 
In an emergent canopy, where there is no shear input f rom coherent motion at 
the canopy top, there may not be a clear distinction in the spectra between energy-
containing scales and the energy dissipating eddies in the plant wakes. In this case, 
most of the ISR is likely to be significantly distorted which has serious implications 
for attempts to calculate dissipation rates f rom the ISR slope using Kolmogorov's - | 
law. Such attempts are likely to over-predict rates of dissipation. Finnigan (2000, 
p.557) presents a modified energy spectrum (Fig. 2.17) for the ISR in canopies. I t 
rolls off considerably faster than — | at low wave numbers but approaches - § as 
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Figure (2.17). Modified spectral shape in the inertial subrange. The standard 
Kolmogorov form for the same dissipation (e) is included for comparison. Source: 
Finnigan (2000) 
wavenumbers become large, taking on a concave form. Of course, measurements 
yield component spectra (So(/)), or So(/c) if using Taylor's hypothesis, not E{K). 
Finnigan (2000, p.558 - 560) outlines a modified Kolmogorov theory for producing 
within-canopy component spectra. 
2.2.4.2 Turbulent Transport 
The combination of reduced velocity and turbulent length scale has the net effect of 
reducing turbulent diffusivity relative to un-vcgctatcd conditions (Nepf, 1999, Nepf 
and Koch, 1999, Ncpf and Vivoni, 2000). Mechanical diffusion - the dispersal of 
fluid particles due to tortuosity in individual flow paths imposed by the obstructive 
presence of vegetative stems - may dominate the lateral diffusion of scalars in the 
lower canopy (Nepf, 1999). Large scale turbulent transport will be affected by large 
eddies that are coherent over the entire canopy. 
If vegetation is assumed to shelter the bed one might assume that velocities near 
the bed are ~ 0. Momentum transfer within turbulent flow occurs during intense 
intermittent gusts or sweeps associated with the passage of coherent, flow structures, 
superimposed on a largely quiescent background flow. Atmospheric canopy studies 
(submerged conditions) have shown that these motions become progressively dom-
inant as distance from the bed increases (Raupach and Thom, 1981, Shaw et al., 
1983, Raupach et al., 1986, Coppin et al., 1986). 
The kinds of turbulent motion responsible for scalar transport can be identified 
from Quadrant-Hole (Q-H) analysis (Willmarth and L u , 1972, Lu and Willmarth, 
1973). Sweeps {ut\ > 0;u/3 < 0) - penetration of the canopy by fast, downward 
moving gusts - dominate the transport process within and just above the canopy 
top (Coppin et al., 1986, Finnigan, 2000) and are a result of the instabiUties gener-
ated from the inflection profile. Flow above the canopy is dominated by ejections 
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Figure (2.18). Vertical profiles of the quadrant stress differential (sweeps (S4) -
ejections (S2)) for emergent and submerged canopies. S4-S2 < 0 indicates a sweep 
dominated structure. Reproduced from Nepf and Vivoni (1999). 
{uf\ < 0;w/3 > 0) - weak, upward movement of fluid wi th lower than average veloc-
ity. The contributions from the interactions (u/i > 0; u/3 > 0) and (u/ i < 0; uf^ < 0) 
are generally small. Sweep events make high (and continuous) contributions to the 
flow near the canopy top and wi th in the canopy (typically half the contribution to 
by sweeps comes from events > 10|u77u7^|) whereas ejections make substantial 
contributions only above the height of the canopy and contribute l i t t le below the 
canopy top (Coppin et al., 1986). These events are highly intermittent wi th 50% of 
the stress being delivered in <10% of the time. Coherent vortices at the canopy top 
are responsible for the majori ty of vertical momentum transfer wi t l i i n the cajiopy 
itself. So, contrary to the assertion of Pethick et al. (1990), the two apparently 
isolated layers of flow, evident in time averaged velocity profiles, may communicate 
via vertical momentum transfer. There may also be scalar transport between the 
two layers as a result. 
There is l i t t le available data on these turbulent transport processes in non-
terrestrial/atmospheric canopies. One of the principal studies is that of Nepf and 
Vivoni (1999) who compute the vertical variation in relative magnitude of sweep 
and ejection events and contrast them between emergent and depth-limited regimes 
(Fig. 2.18). For unconfined canopies, sweep events dominate the momentum trans-
port near the top of the canopy. As z/h declines, the vertical extent of the sweep 
dominated region shrinks, unti l sweeps and ejections are balanced over the entire 
canopy height (emergent condition). Although the case of the emergent canopy is 
superficially similar to an un-vegetated case, the emergent canopy lacks both strong 
sweeps and ejections, rather than having a balance of large contributions by both 
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types of event, as in the case of an un-vegetated flow. 
Vegetation may shelter the bed, not only by reducing the overall velocity of the 
flow (see section 2.2.1), but by also reducing the intensity and increasing the inter-
mittency of the turbulent, within-canopy momentum transport processes. This, as 
with the modifications to mean velocity and turbulent shear stress (section 2.2.1), is 
likely to have a density dependant threshold as denser arrays act as stronger sinks 
for vortex energy and thus allow less vortex penetration into the canopy (Ghisal-
berti and Nepf, 2004) and towards the bed. Lopez and Garcia (1998) show that 
momentum transfer towards the bed decreases at a larger rate once a critical stem 
density is reached (Fig. 2.6, Section 2.2.1) 
There are very few studies which have used Q-H analysis on scalar fluxes, as 
opposed to momentum fluxes, and it is important to ascertain whether the picture 
that has emerged for momentum fluxes holds for scalar transport. Coppin et al. 
(1986) have shown that the dominance of sweeps over ejections is more pronounced 
for the scalar transport of heat than for momentum and they caution that the relative 
roles played by sweeps and ejections within the canopy are Ukely to depend strongly 
on the scalar source distribution. Hypotheses about the dominance of sweeps, based 
on momentum alone, can only be extended to scalar transport insofar as scalar source 
and momentum sink distributions are roughly coincident. As always, it remains to 
be seen how this process might be changed during transition between emergent and 
depth-limited flow regimes. 
Lower in the canopy, below the region which may be dominated by the motion 
of large-scale coherent structures during full submergence, the interaction of flow 
and vegetation can only be understood by considering the fine-scale structure of the 
turbulence which results from wake eddy-shedding in the lee of vegetative elements 
(see also section 2.2.4.1). 
Ncpf ct al. (1997b) examine vertical and horizontal diffusivity in artificial plant 
stands of simple morphology using vertical cyhnders as mimics. They measured 
vertical and stream-wise velocity components and estimated spatially averaged dif-
fusivities by observing a plume of continuously released dye. Figures 2.19 a and 
b illustrate the ratio of Crms/Cmaxi}-^- the intensity of concentration fluctuations) 
and L (the zero-crossing length scale) as functions of stem area density (P ) As 
stem area decreases the intensity of the concentration fluctuations decreases which 
suggests that the cylinder wakes introduce smaller scale mixing, relative to null con-
ditions, smoothing out the gradients in concentration. This is also shown by the 
reduction in L . Witliin the vegetation we see a smaller scale of turbulence (0(d)) 
becoming important. In the null condition eddy scale is limited by flow depth and 
flume width. 
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stem Area Density 
Figure (2.19). Scalar concentration fluctuations (a) are reduced with increasing 
stem density, suggesting an increase in small-scale mixing. The zero-crossing length 
scale (b) is also reduced. Reproduced from Nepf et al. (1997b). 
Nepf and Vivoni (1999) simulated emergent and depth limited conditions. For a 
submerged canopy, where vegetative drag creates significant vertical heterogeneity 
in the mean velocity profile, the Reynolds stress peaks at the top of the canopy 
and decays rapidly downward into the canopy. Near the bed {z < {h — Hp)), where 
Hp indicates the penetration of the stress peak into the canopy, turbulent transfer 
of momentum is negligible and flow is driven by pressure gradients associated wi th 
the water surface slope. In contrast, the emergent scenfurio has only limited verti-
cal structure associated with vertical variation in vegetative density, and turbulent 
stresses are essentially zero. 
There are a wide range of eddy scales that characterize the local canopy envi-
ronment - though these are small (0{d)) make the mixing and dispersion of scalar 
material in un-vegetated flows particularly ineffective in comparison to the large 
scale structures of open channel flow, which can mix scalars over large distances. 
Nepf (1999) computes the Eulerian integral lengthscale (Lu) This value is shown 
to be diminished when compared to un-vegetated conditions {L^ = 5 - 6 cm) and 
fairly uniform over depth, supporting the assumption that within vegetation turbu-
lence is rescaled to obstruction geometry. I n a scenario wi th a canopy of complex 
morphology (i.e. the addition of flexible leaves), there are conceptually two regimes. 
The stem region, in which the diffusivity is likely to be similar to the scenario of 
an idealised cylinder array (see Nepf et al. (1997b)), and a canopy region where 
diffusivity may be considerably smaller than the stem region owing to lower flow ve-
43 
Figure (2.20). The magnitude of is approximately similar to stem diameter, 
d, over the entire water depth for emergent cylinder arrays. Reproduced from Nepf 
(1999) 
locities (refer to Nepf et al. (1997b, Fig.lOa)) and the smaller length scales shed from 
canopy structures which are also less strong than those shed from the stiff stems. 
In the field, diffusion wil l be augmented from other sources such as wave-breaking 
and wind generated shear. 
In section 2.2.1 i t was shown that turbulence intensity exliibits a non-linear 
relationship wi th vegetation density, and in this section diflPusivity wi th in a vegetated 
systems has been shown to be consistently less than in an equivalent un-vegetated 
system, owing principally to the decrease in eddy scale caused by tlie presence 
of vegetation. Nepf (1999) constructed a simple model to demonstrate the link 
between the two process. Figure 2.21 illustrates that for a constant flow velocity 
(i.e. not reduced wi th increasing stem density) turbulence intensity increases wi th 
stem density reflecting the additional source of turbulence from stem wakes. For 
sparse vegetation, diffusivities are negligibly changed wi th in the canopy, despite 
the addition of wake generated turbulence, because eddies that are chamiel scale 
can persist in sparse canopies (if inter element spacing (s > 4) where £o is open 
water mixing length scale), and dominate diffusive transport and wake generated 
turbulence is of a much smaller scale so its effect is barely noticeable. As stem 
density increases further the channel-scale eddies are broken down, turbulence is 
rescalcd to stem geometry and the relative diffusion decreases, even though the 
relative turbulence continues to increase. A t st i l l higher stem densities mechanical 
diffusion begins to increase the difiiision towards its open water values. 
For identical forcing but wi th vegetative-induced-drag reducing flow velocities. 
Fig. 2.22 i l l u s t r a t e the relationship between stem density, turbulence intensity and 
difFusivity wi th in a canopy. A critical threshold of stem density, which increases 
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Figure (2.21). QuaHtative trends in Turbulent Kinetic Energy (TKE) and dif-
fusivity (D) for vegetated and un-vegetated (subscript o) conditions with the same 
flow velocity, ad is non-dimensional stem density. Reproduced from Nepf (1999) 
the magnitude of velocity reduction can be seen and variations in turbulent kinetic 
energy reflect the competing effects of reduced velocity and increased turbulence 
production, accompanying the introduction of vegetation to the flow. These oppos-
ing tendencies produce a non-linear response in which the turbulence level initially 
increases but eventually decreases as stem density is raised. The diffusivity ratio 
reflects the importance of reduced eddy scale wi th in the vegetated region. A rapid 
dechne occurs once stems impinge on the channel scale eddies, converting them to 
progressively smaller scales as stem density increases. Once the mixing length is 
0(stem diameter), a more gradual decay in diffusivi ty is observed reflecting a bal-
ance between the declining velocity and increasing contributions from mechanical 
mixing. 
2.2.4.3 T K E B u d g e t s 
Fig. 2.23 illustrates the T K E budgets for emergent and submerged cylinder arrays. 
For a submerged cemopy, shear at the canopy top {Pg) dominates turbulence 
production and in-canopy turbulence is characterised by vertical transport (T) from 
this zone. Ghisalberti and Nepf (2004) have shown that a canopy mixing layer un-
dergoes limited vertical growth and that there is htt le export of shear kinetic energy 
from this region implying that flow in the stem region beneath the mixing layer is 
unaffected by the turbulence produced at the canopy top. As z/h decreases, the 
vertical penetration of turbulence into the canopy decreases ( T > 0). For emergent 
conditions, Fig. 2.23 illustrates that T = 0 as is small and turbulence generation 
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Figure (2.22). Comparison of (a) velocity, (b) turbulent kinetic energy and (c) 
diffiisivity in vegetated and un-vegetated (subscript o) flows under the same forcing 
(surface slope) for different stem densities (ad). Reproduced from Nepf (1999) 
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Figure (2.23). T K E budget for submerged [M/h = 2.75) and emergent {H/h = 1) 
conditions. Pa represents Shear Production, P ,^ wake production, e the dissipation 
rate and T is the Turbulent TVansport Rate. Reproduced from Nepf and Vivoni 
(1999) 
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Figure (2.24). Dissipation (c), wake production (Pw), shear production {Pg) tur-
bulent transport (T) from the T K E budget of an emergent cylinder array. Boundary 
layer scaling (e ^ U^(K.Z)~^) shown for coraparison. Source: Nepf (1999) 
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is dominated by the local production within plant wakes {P^i) - Nepf (1999) shows 
(Fig, 2.24) that the dissipation rate and wake production balance and are nearly 
constant over depth, while the bed shear production and turbulent transport terms 
are negligible except very close to the bed. 
Lopez and Garcia (1998) used a numerical model to show that assumptions of 
equilibrium in production and dissipation do not hold for near bed regions within 
vegetation. Instead inertial diffusion plays a far more important role close to the 
bed than local turbulence production (see also Raupach et al. (1991)). Well wi th in 
the canopy, values of local turbulence production are negligible and there is an 
approximate balance between local dissipation and vertical incrtial diffusion (Lopez 
and Garcia, 2001). 
2,2.5 Emergence-Submergence Dyneunics 
TVansition f rom emergent to depth-limited states, as the depth ratio h/H increases, 
and at a stable flow velocity, necessitates a shift in both the momentum balance 
and the turbulent budget and structure. As h/H increases, flow forcing changes 
f rom pressure driven to stress driven. In-canopy momentum is increasingly derived 
f rom the shear layer at the top of the canopy which regulates the vertical turbulent 
transport of momentum from the overlying water layer and the direct contribution 
of pressure forcing (a consequence of surface slope) declines. There is a shift f rom 
stem-wake turbulence to shear-layer turbulence at the canopy top, though wake 
production remains important deep within the canopy, even when ful ly submerged. 
W i t h h/H > 1 there is an increase in the penetration depth of the shear layer at the 
top of the canopy into the vegetation. This means that vertical turbulent exchange 
w i t h the overlying water becomes dynamically significant rather than longitudinal 
advection (Nepf and Vivoni, 2000). However, in salt marsh environments as h/H 
increases w i t h the approach of H W mean flow velocities arc reduced and the role 
of shear layers in regulating canopy momentum and turbulence fields is unknown. 
Addit ional complications arise f rom the superimposition of surface waves on tidal 
currents, the orbital velocities of which may alter canopy dynamics and exchange 
processes considerably. The transition, rapidity and variation in penetration depth 
is also regulated by canopy density (i.e. as vegetative density decreases the penetra-
tion depth increases as the canopy provides less momentum absorption) (Nepf and 
Vivoni , 1999). 
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2.3 Modification to Suspended Sediment Concen-
trations by Vegetative Canopies 
2.3.1 Concentration Variations 
Suspension concentrations in inundating waters are characteristically higher than 
those observed in receding ebb tide waters over marsh surfaces (Leonard and Reed, 
2002). Large suspended particles are rapidly deposited after which suspension con-
centrations may reach a steady state - a background suspension of very fine materigd, 
the settling velocities of which are so low that they remain suspended, even in ap-
parently quiescent water. This constant background suspension is removed from 
the marsh on the ebb tide and plays l i t t le role in surface accretion. The domi-
nance of horizontal advection, reduced vertical velocities, shear, turbulent intensity 
and diffusivity in vegetated flows appears to facilitate the deposition of coarse par-
ticles in comparison to flows above or outside canopies (Leonard and Reed, 2002). 
There are few reliable observations of vertical suspension concentrations in vegetated 
flows. The majori ty of studies in wliich concentration data has been obtained have 
limited vertical resolution, so i t is difficult to make deductions about the form or 
temporal evolution of the concentration profile wi th in vegetated canopies. Houwing 
et al. (2002) presents profiles of suspended sediments obtained wi th a traversable 
silt meter in a vegetated re circulating flume (Figure 2.25). Modification in the con-
centration profile wi th transition from open water, to vegetated flow (an artificial 
canopy of 6m length) and back to open water under a constant homogeneous suspen-
sion concentration of approximately 200 mg L " * is illustrated. Suspended sediment 
concentrations in open water, before and after the vegetative stand, are uniformly 
distributed in the vertical. Wi th in the vegetative stand (0 < 2 < 0.3 m) there is 
a marginal drop in concentration (approximately 10 mg L~*) and the development 
of a vertical gradient wi th a similar magnitude of concentration change. In the lee 
of the vegetation, concentrations gradually rise to those observed upstream of the 
vegetation and are uniformly distributed in the vertical. Houwing et al. (2002) con-
cluded that the influence of vegetation on turbidi ty is minimal. In contrast, Leonard 
and Luther (1995) observe strong vertical gradients in suspended sediment concen-
tration, calculated from gravitational analysis of water samples, wi th in a Spartina 
canopy (Figure 2.26). Sediment concentrations are high near the bed {z = b cm) 
and decline, by about 50% wi th increasing distance from the bed (z = 15 — 20 cm). 
Leonard and Reed (2002) contrast temporal variations in suspended solid con-
centrations within and above a vegetative stand. Within-canopy concentrations 
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decreased at a rate of approximately 1.5 times that observed above the canopy 
suggesting that sediment deposition is promoted wi th in the canopy and that the 
flow layer wi th in the canopy is not replenished wi th suspended sediments (i.e. i t is 
effectively isolated from the layer above). 
For the simplest case of submerged {z/h = 3 where h — 0.1175 m) rigid and 
idealised vegetation (i.e. no vertical variation in drag) Lopez and Garcia (1998) 
used a two equation turbulence closure scheme (based on the k-c formulation) to 
predict transport capacity under different flow, sediment and vegetation conditions. 
In contrast to the observations of Houwing et al. (2002), within-canopy suspension 
concentrations were shown to have a near Rousean profile (Fig. 2.27). Negligible 
differences between vegetated and un-vegetated model conditions are attributed to 
the parabolic-type shape of the vertical eddy viscosity profile for open channels wi th 
and without vegetation. Suspended sediment concentrations within the vegetation 
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Figure (2.25). Suspension concentration profiles at several stretun wise locations 
in a vegetated flume (canopy extending from i = 1 - 6 m) at a current velocity of 
5 cm s~^ Adapted from Houwing et al. (2002) 
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Figure (2.26). Suspension concentration at 3 locations above the bed in a stand 
of Spartina altemiflora. Reproduced from Leonard and Luther (1995) 
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Figure (2.27). Comparison of k—e (dashed Hnes) and Rousean model predictions 
(solid lines) for suspended sediment profiles of increasing particle size (40 - 400 fim) 
within vegetated and un-vegetated flows. Horizontal dotted line indicates vertical 
height of canopy. Adapted from Lopez and Garcia (1998) 
are marginally greater than Rousean predictions, the difference becoming larger for 
increasing particle size. Vegetation appears to promote a slightly more uniform dis-
tr ibution of suspended sediments within the water column. This is most noticeable 
for particles in the range 60 -100 ^ m . Suspensions of particles wi th smaller diameters 
£irc largely uniform in open water, and vegetative effects become indistinguishable. 
Large particles (>100 ^ m ) have high settUng velocities and the profile quickly con-
forms to the general shape of a Rousean distribution, wi th near-bed concentrations 
increasing. This is to be expected as the Reynolds stresses and the vertical difFusivity 
are more homogeneous with depth wi th in the canopy (Nepf and Vivoni , 1999) and 
nicely illustrates the importance of size and settling velocity in regulating the ver-
tical distribution of suspended sediment concentration. In contrast, Houwing et al. 
(2002) model velocity, kinetic energy, eddy diffusivity and suspension concentrations 
for flow through vegetation wi th a relatively simple model formulation (Figure 2.28). 
The characteristic inflection point velocity profile, elevated shear at the canopy top 
and a stratification of eddy diffusivity into two layers, high above the canopy, and 
low wi th in i t is computed. Predicted suspension profiles are unusual and appear to 
show near-uniform vertical distributions within the canopy. Concentrations decUne, 
but only by 20 mg L " ^ towards the siurface and in proximity to the bed. These 
models are relatively simplistic, Lopez Eind Garcia (1998) assume vertically homo-
geneous obstruction densities and drag coefficients, for example, which has obvious 
implications for verticEil profiles of shear and eddy viscosity. Such models represent 
the best current first-approximations as to concentration variations wi th in vegetated 
flows. 
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Figure (2.28). Calculated (lines) and measured (*) values of velocity (panel A), 
kinetic energy {TKE, panel B), eddy difTusivity (D, panel C) and sediment concen-
tration (c, panel D) . Adapted from Houwing et al. (2002) 
In marsh canopies, not only is the flow unsteady, but the concentration of sus-
pended sediments is heavily time and space dependant (i.e. pulsed introduction 
of sediment wi th l imited supply and the decay in concentration over time due to 
settling of particulates). Finnigan (2000) asserts that the scale of changes in con-
centration gradients wi l l be the same as the characteristic scale of dominEmt eddies 
wi th in the flow. Deep within the canopy, eddy sizes are 0(stem diameter). I f the 
gravitational settling of suspended particulates was balanced by upward flow wi th in 
the canopy i t might be expected that suspension concentrations be largely uniform 
wi th height. As has been shown, however, in emergent arrays there is l i t t le ver-
tical momentum to maintain settUng particles in suspension and the possibility of 
concentration stratification arises. Vertical variations in eddy size and the impinge-
ment of intermittent turbulent gusts into the lower canopy may have an additional 
influence on instantaneous distributions of suspended sediments, but, because of the 
lack of observations i t is difficult to ascertain whether concentration fields wi l l be 
significantly different f rom uniform or the near Rousean profiles predicted by Lopez 
and Garcia (1998). In addition, the dominance of wave motion is Ukely to uniformly 
mix suspended sediments over the fu l l water depth. 
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2.3.2 Particle Interception and Capture 
As well as enhancing direct settling to the bed, vegetation may influence the reduc-
tion of suspended sediment concentrations in more subtle ways. Severfil researchers 
have noted thin films of sediments adhered to vegetative surfaces after inundation 
and i t has become commonly accepted that vegetation enhances particle capture 
and retention. Shi et al. (1995) hypothesised that Spartina may trap sediments wi th 
their leaves, affecting the concentration of sediments in suspension and their overall 
deposition rate. Palmer et al. (2004) show that there are 4 primary mechanisms 
that need to be accounted for in flow through vegetation: (1) direct interception, 
(2) inertia! impaction, (3) gravitational deposition and (4) diffusional deposition. 
Direct interception is due to streamline kinematics, inertial impaction occurs when 
a particle's inertia causes i t to deviate f rom a streamline and collide wi th vegeta-
tion, gravitational deposition describes direct settling f rom the water column onto 
vegetative surfaces and diffusional setthng accounts for all other random processes 
that lead to deposition. Direct settling, and the suite of processes that encompass 
capture by vegetation, mean that the temporal evolution of the suspension con-
centration cannot be considered solely as a function of time. The loss of material 
from suspension occurs to two sinks; the bed and vegetative surfaces, which may 
cause a differential separation of the suspen.sion based upon the settling velocities 
of different size classes. One consequence of this may be apparently faster clearance 
rates. 
2.3.2.1 F i e l d Observa t ions 
Stumpf (1983) hypothesised that material f rom suspension may adhere to the leaves 
and stems of plsmts during inundation, and be subsequently transferred to the marsh 
surface during subareial exposure by rain wash, the collapse of vegetation or be 
combined in the faecal pellets of grazing gastropods. W i t h some simple calculations 
Stumpf (1983) suggested that particle sequestration by vegetation could account for 
the removal of 50% of material f rom suspension. More recent studies have refined 
this rather high estimate. Capture on the leaves of Juncus roemeriantis has been 
estimated to contribute up to 10% of total sediment deposition (Leonard et al., 
1995). Yang (1998) estimated particle retention by Scripus mariqueter and Scripus 
triquiter to be 1 - 9% of the flood tide suspended sediment load. Differences between 
the two species was attributed to the structure of the flora, but the total influence 
of sediment trapping by vegetation on deposition was thought likely to be much less 
than the effect of direct settling to the bed. French and Spencer (1993) estimated 
that only 8.5% of total deposition is accounted for by direct capture to vegetated 
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surfaces and Yang (1998) showed that the capture of sediment is heavily dependant 
upon plant morphology. I t would seem intuitive that the adhesion of material to 
stems and leaves depends heavily on the morphology, surface area and texture of 
the vegetation. A t such a small scale, however, i t becomes diff icult to distinguish 
the influence of plant morphology and surface property effects f rom the role which 
biofilms (sticky extra-polymeric substances excreted by epiphytes, algae and bacteria 
present on the vegetative elements themselves) play in binding suspended particles 
to vegetation. French et al. (1995) and Leonard and Luther (1995) have shown that 
deposition rates are largely insensitive to the particular plant assemblages present 
suggesting that small scale diff'ercnccs in vegetative morphology are largely insignifi-
cant. Palmer et al. (2004) have shown, through laboratory modelling, that vegetative 
micro-roughness can aflFect capture directly, by pro\'iding additional surface area, or 
indirectly, by aifecting the local flow field. They sugg^t that removal by particle 
capture is significant and that i t is in fact greater, by an order of magnitude, than 
the rate of removal by settling alone. El l iot (2000) asserts that adding vegetation 
to a flow may only increase the removal efficiency by 10%. Pluntke and Kozerski 
(2003) show a doubling of particle retention rates (for particle sizes 3 - 120 /tm) for 
vegetated beds and attribute this to the simultaneous operation of three processes; 
(1) reduced velocity (hence particle residence times wi th in the stand are increased, 
allowing them to settle out), (2) direct settling to the bed and, (3) direct particle 
capture by vegetation. From such highly variable and conflicting observations i t is 
diff icul t to ascertain the precise impact of direct settUng to vegetative surfaces. I t is 
unlikely tha t i t would make significant changes to suspension concentrations (i.e. to 
account for more than about 10% of the variation), especially when compared wi th 
the contribution that direct settling to the bed makes to reductions in suspension 
concentrations. The spectra of sediment sizes in a typical suspension may make the 
effect of vegetation on removal efficiency less dramatic than anticipated. Of course, 
the caveat that any effect wi l l be dependant upon site specific stem density and 
canopy structure, remains. 
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2.4 Flocculation Processes 
The primary components of cohesive sediments are clay minerals that have plate-like 
structures wi th diameters typically < 2 fim (Table 2.1). However, the major i ty of 
suspended particulate matter in natural systems (throughout the entire fluvial to 
marine continuum) are present not in their primary particle size but in flocculated 
form. Fiocculation is the process of aggregating small particles together to form 
larger composites (commonly referred to as aggregates or floes) via a number of 
chemical, physical and biological interactions. Floes behave differeutly in terms of 
their physical, chemical and biological characteristics relative to the smaller par-
ticles and primary grains of which they are composed due to differences in size, 
shape, porosity, density and composition. I n general the size and settling velocity 
of flocculated peuticles are much greater than the individual constituent particles, 
but their overall density is lower since flocculated particles are highly porous and 
contain significant interstitial water. Numerical models (discussed further in § 2.4.3) 
commonly cedculate tliis flux from an estimated mass concentration and assumed 
particle size from which to derive a settling velocity. As wil l rapidly become clear, 
l i t t le is known about particle size or settling velocity variations in t idal marshes yet 
numerical models require an accurate parameterization in order to accurately pre-
dict mass fluxes and accretion rates. The understanding of flocculation is therefore 
of fundamental importance to the understanding of cohesive sediment dynamics in 
marsh systems as the process of flocculation significsmtly increases the mass settling 
flux in comparison to single particle settling. 
Early views of the suspended sediment deposition process in marsh environments 
generally emphasised the advection of fine material, wi th low settUng velocities, 
which were readily maintained in suspension by minimal currents and were thus 
only able to settle during the brief period of slack water. I t has only been rela-
tively recently that the continuous settling of different particle sizes throughout the 
inundation period has been emphasised and the "complex interactions of physical 
and biological processes which mediate the settling of composite particles" (Petliick, 
1981), have become increasingly recognised as important regulatory mechanisms for 
deposition in t idal creeks and shallow flows over vegetated marsh surfaces. 
In this section, the essential aspects of the flocculation process in open water 
wil l be discussed before the existing knowledge of flocculation and particle size in 
vegetated flows is examined. 
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Grain size Dcscripti\t; tcnninology 
Phi (<!') mm/fim Udden (I9M) L Wcntwrth (1922) FHcdman and Sanders (1978) 
-4 16 mm Pebbles 
Medium pebbles 
-3 8 
Fine pebble; 
-2 4 
Very fine pebbles 
-1 2 Granules 
Vcr>' coarse sand Verj' coarse sand 
0 I 
Coarse sand Coarse sand 
1 500 fim 
Medium sand .Medium sand 
2 250 
Fine sand Fine sand 
3 125 
Ver>' fine suiid Ver>' tine sand 
4 63 
Vcrj' coarse silt 
5 31 
Coarse silt 
G 16 Silt 
Medium silt 
7 8 
Fine silt 
8 4 
Very fine silt 
9 2 Clay 
Clay 
T^ble (2.1). Inter-comparison of commonly used measurement scales (truncated 
at an upper limit of 16 mm/-4 * ) and their approximate descriptive classifications 
for the parameterization of continuous grain size distributions. 
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2.4.1 Flocculation in Open Water 
The physio-chemical process of flocculation in electrolytic solutions is associated 
with electro-chemical interaction of primary particles over very small separation 
distances, and is mostly complete by the time salinity reaches 5 - 1 0 ppt (Krone, 
1963). In order to form larger aggregates, particles must be brought into contact w i th 
one another and then bond. Ortho-kinetic flocculation (that due to turbulent shear 
within the water column) is the dominant process by which particles are brought 
into contact (and conversely torn apart), though in st i l l water, diff'erential settling 
of aggregates (and consequent scavenging of small particles by larger aggregates) 
may be important. Flocculation potential is further enhanced in natural systems 
by bio-flocculation. The addition of sticky organic matter (principally extracellular 
polymeric substances extruded by water borne or bed-dwelling diatoms and bacteria) 
acts like natural glue, enhancing the *stickyness' of mineral grains. Orthokinetic- and 
bio-flocculation are many orders of magnitude more important to the flocculation 
process than physio-chemical process in energetic coastal and estuaries waters. 
The mccheuiisms of floe formation and regulation for open estuaiine water have 
been investigated through laboratory (Manning and Dyer, 1999) and in situ obser-
vations (Dyer et al., 2002a). Field investigations have typically been in deep open 
water, under high shear and SPM concentrations (e.g. wi th in the turbidi ty maxi-
mum of estuaries (Dyer et al., 2002b), turbid plumes (Curran et al., 2002, Mill igan 
and Law, 2007)), shelf seas (Sternberg et al., 1999, Curran et al., 2007) or above 
mud flats wi th water depth >1.5 m (e.g. Christie et al., 1996, Chen et al., 2005). 
Suspended particles exist in a spectrum of sizes f rom primary particles 0 ( / i m ) , to 
large aggregates many millimetres in diameter, although observable sizes are l imited 
by sampling resolution. They therefore span the size classes traditionally associated 
with clay to very coarse sand (refer to Table 2.1). Marine snow (or marine ' f l u f f ' ) , 
the large, porous, stringy assemblages of diatoms or other biologically derived mate-
rial, commonly observed in the oceans, are usually considered as distinct from floes 
(which axe typically dominated by inorganic mineral constituents). 
Statistical descriptors such as mean, median and mode are frequently used to 
describe the size distribution of floes in suspension (Fennessy et al., 1994, Manning 
and Dyer, 1999, Milligan, 1996, Hi l l et al., 2000, Fox et al., 2004), yet floe size distr i-
butions typically demonstrate weak to strong bi-modaUty for which single parameter 
descriptors are of questionable usefulness. Noting the prevalent occurrence of two 
size sub-populations, Eisma (1996) suggested spli t t ing floe size into two sub-groups 
based on their characteristic size: Microflocs < 125 /J.m < Macroflocs, and paramae-
terising each sub-population independently. Manning (2001) revised the boundary 
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and suggested that the division should be Microflocs < 160 fim < Macroflocs. Other 
researchers have derived similar sub-population distinctioias, for example Mikkelsen 
c t al. (2006) distinguish Macroflocs (>133 /tm). Microflocs (36 - 133 fim) and a 
single grain fraction (<36 ^ m ) . In turbulent flow, flocculation/disaggregation is a 
dynamic response to the magnitude of turbulent shear in the water column. The size 
distr ibution (and relative ratio of microflocs:macroflocs) is strongly dependant upon 
ambient hydrodynamic conditions. Manning and Dyer (1999) identified a threshold 
time averaged shear stress (0.35 N m"^) below which increasing SPM concentra-
t ion encouraged the formation of macroflocs - the fastest settling floes - but above 
wliich high SPM concentrations promote disruption and dis-aggregation culminat-
ing in reduced floe sizes (microflocs) and settling velocities. Microflocs are relatively 
robust to elevated shear levels and are the constituent building blocks from which 
macroflocs form. Macroflocs are highly porous and exhibit looser binding, thus re-
duced strength, so elevated shear levels are capable of disaggregating them. Due to 
their fragility, macroflocs are the least numerous by number in floe size distributions. 
In terms of the settling flux however, macroflocs are the most important sub-group 
since their relatively large mass and fast settling velocities mean they contribute 
significantly more to mass settling fluxes than the more numerous microflocs. A 
generally adopted rule of thumb is that for r < 0.2 N m"^ the collision frequency of 
particles is insufficient to cause shear mediated flocculation. 0.2 < r < 0.4 N m~^ is 
considered to be the optimum regime for macrofloc formation and settling. In the 
higher shear conditions of 0.4 < r < 0.5 N m~^ microflocs dominate while severe dis-
ruption occurs to all suspended particles at r > 0.5 N ra"^ (Manning, pers. comms). 
Aggregate size, density and consequently settling velocity continually change in rela-
t ion to ambient environmental conditions. In addition to the magnitude of the time 
averaged turbulent shear, an upper l i m i t is thought to be imposed on aggregate size 
by eddies which have length scales wi th similar dimensions to the aggregates them-
selves (van Leussen, 1988). This length scale is the Kolraogorov (or dissipation) 
scale which is defined as the ratio between kinematic viscosity and the rate of T K E 
dissipation and represents the size of the smallest turbulent eddies (van Leussen, 
1997, Berhane et al., 1997): 
, . ( - ) M 
where u is the kinematic viscosity of water. 
Links between p£U-ticle diameter and the Kolmogorov microscale have been shown 
in the field (Hi l l et al., 1992, Fugate and FViedrichs, 2003) and in the laboratory 
(Mikes et al., 2004) though there is substantial scatter in presented data. This is 
hardly suprising since turbulent flows under non-stationary forcing exhibit a raulti-
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plicity of length scales that vary (in time and in space) in response to the dynamism 
of the forcing. A further complication arises f rom the inlierent irregularity, porosity 
and three-dimensionality exhibited by floes. Since they are generally measured as 
2D projections and there is no simple means of specifying an exact size or shape 
(Bache et al., 1991) the relation between u and floe size varies depending on the 
method by which size is defined. A significant proportion of the reported variation 
in the relation between r) and floe size may come down to adequate representations 
of size. Gibbs et al. (1989) and Chen et aJ. (1994) have shown that mean particle 
size adjusts rapidly to variations in turbulent shear. Measurement frequency has so 
far Hmited the observation of floe adjustment time to the order of minutes. High 
frequency floe observation may show that floes adjust extremely rapidly (perhaps 
within seconds, i f not instantaneously) to imposed shear stresses upon encounter 
wi th eddies of the Kolmogorov length scale. 
The prediction of settUng velocities of cohesive suspensions is complicated by 
the dynamism in particle size and density. In a typical open water estuarine loca-
tion, where particle size varies over 4 orders of magnitude (microns to millimetres), 
setthng velocity can vary over 3 orders (//m s~^  to cm s"*). 
2.4.2 Flocculation in Marsh Environments 
Flocculation plays an unequivocally important role in estuarine fine sediment dy-
namics and i t seems logical to assume that such a process wi l l operate in over-marsh 
flows. The effect of quiescent vegetated flows on flocculation processes is largely un-
known but i t seems likely that the morphology and spectral size characteristics of 
particles in over-marsh flows wi l l be inherited f rom those that are created in open 
estuarine/coastal waters. I t is also likely that enviromnental changes that occur 
wi th transition from estuary to marsh platform (i.e. reduction in water depth, flow 
velocities and the presence of obstructions, such as vegetation, in the flow field) wi l l 
modify the init ial characteristics of advected aggregates. 
Although i t cannot be argued that flocculation exerts the principal control over 
the spatial deposition pattern in wetland environments, an understanding of its dy-
namic interaction wi th roughness elements is essential for increasingly accurate pre-
dictions of sedimentation rates and spatial patterns in these environments. Several 
authors have speculatively proposed that the properties of flocculated suspensions 
may be influenced by modifications to current velocity and shear stresses created 
by marsh vegetation and that this may consequently affect depositional fluxes. Shi 
et al. (1995) and Shi et al. (1996) postulated that the variation in shear stress and 
the generation of turbulence due to flow disruption by Spartina stems can strongly 
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affect the deposition of fine grained cohesive sediments through the modification of 
SPM concentrations, flocculation and settling velocities. However, no suggestions 
as to whether these modifications would be beneficial or detrimental to deposition 
were made. Neumeier (2007b) similarly speculated that observed variations in shear 
stresses would impact upon sediment dynamics but admitted that the extent of such 
modifications were unknown. Conversely, Braskerud (2001) concluded that depo-
sitional fluxes might be increased, based on observed wake edd}' shedding and the 
re-scaling of fluid turbulence by plant stems which was thought likely to increase 
particle collisions, enlarging floe size and promoting accelerated deposition. Modi f i -
cations to the characteristic size of the smallest eddies associated w i t h flow tluough 
vegetation (refer to section 2.2.4.2) may indeed induce subtle variations in floe size 
spectra and thus modify the ' typical ' settUng speed of suspensions. Such changes 
are suggested in the observations of Graliam and Mamiing (2007) but a low range of 
experimental conditions and the inherent instability in cohesive suspensions make i t 
diff icul t to distinguish changes in particle properties which can be conclusively re-
lated to vegetation f rom the natural temporal evolution in the floe size distribution. 
2.4.2.1 F i e l d Observations 
Only a small number of studies, concerning either fresh or brackish wetlands, have 
specifically addressed flocculation as an important process in understanding wetland 
sedimentation. These studies can be divided into those that address flocculation in 
wetland creeks and those that address flocculation on marsh surfaces, the latter 
being few in number and more speculative in approach. The major i ty of studies 
utilise proxy methods of assessing the effect of flocculation, and those in which 
some attempt has been made to directly observe the characteristics of fiocs do so 
destructively and have so far been unable to elucidate f u l l spectral size or settling 
velocity distributions. 
Some of the first observations of flocculated aggregates in marsh environments 
were made by FVench et al. (1993) using scanning electron microscopy of particles de-
posited, under low vacuum, on filter media. Very large inorganic aggregates, nearly 
1000 ^ m in maximum projected diameter and of low apparent density, were ob-
served during marsh surface flood tides amongst a background of intermediate sized 
aggregates (modal diameter in the range 100-300 ^m). These large particles were 
observed to contain organic fragments/binding agents and appeared to be of higher 
density and therefore more robust than the largest aggregates. Ebb samples were 
notably deficient in larger particles; several smaller and more organic aggregates 
(modal diameter 50-200 /im) and numerous single particles comprised the bulk of 
the sediment. The largest particles of the flood tide were noted to be associated wi th 
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velocity (0.4-0.5 m s"^) and stress (0.5 N m~^) peaks, in concordance wi th the 'rule 
of thumb' stress Umits discussed in § 2.4.1. Clay concentrations in mangrove swamp 
sediments were shown by Furukawa et al. (1997) to be a consequence of the creation 
of hydraulic regimes, by vegetation, conducive to flocculation. During flood and ebb 
tides, Furukawa et al. (1997) observed floes wi th median size 20 /xm (individuals of-
ten exceeding 100 ^m) and 2 fim (wi th largest not exceeding 20 / im) , respectively, 
setthng through the water column. The absence of long, fragile 'string of pearl' type 
floes, commonly observed in estuaries (Eisma et £LI . , 1990, Manning and Dyer, 2002) 
was attributed to mechanical destruction on contact wi th dense mangrove vegeta-
tion. Christiansen et al. (2000) used a proxy method (Disaggregated Inorganic Grain 
Size Distribution (DIGS) analysis) developed by Kranck et al. (1996a,b) to investi-
gate the depositional regimes (i.e. flocculated or single grain settling) of salt marsh 
sediments. They estimated that the percentage of material deposited in flocculated 
form decreased from 75% on creek banks to 20% in the marsh interior (a horizontal 
distance of 25 m) and concluded that there exists a distinct gradient in suspended 
particle size, and consequently the settling flux, wi th distance from source waters. 
Using empirical formulations Christiansen et al. (2000) stipulated that floes >50 /xm 
settled at the creek edge and that as a consequence of their high settling velocities 
and low tidal advection velocities this was a causal mechanism for aiccretion gradi-
ents widely observed on tidal marshes. Christiansen et al. (2000) concluded that 
70-80% of the material deposited wi th in 8 m of tidal creeks was thought to be in 
flocculated form, while in the marsh interior, 25 m away, only individual, primary 
particles £md 'small' floes were deposited. Since only deposited, inorganic mineral 
sediment were included in the analysis i t can only be assumed that the estimates 
of floe size arrived at by Christiansen et al. (2000), which are small in comparison 
to in situ observations of estuarine and coastal suspended particles, are underes-
timated because the influence of organic binding has been omitted. Temmerman 
et al. (2004a) roughly approximated particle settling velocities using the median 
surficial grain size and application of Stokes Law. Estimated settUng velocities var-
ied from 0.07 - 0.36 mm s"* wliich are particularly small and reflect the problems 
associated wi th estimating settling rates f rom an incomplete knowledge of suspended 
particle size. Voulgaris and Meyers (2004) have inferred particle size and settling 
velocity variability throughout various t idal cycles over both spring and neap tides 
in a tidal creek and on a marsh surface using a LISST (Laser In-Situ Scattering 
and TVansmissometery), A D V (Acoustic Doppler Velocimetery) and OBS (Optical 
Backscatter Sensor) (refer to Fugate and FViedriclis (2002) for method). Neap tide 
mean floe sizes, in the creek, of 32 - 50 fim and tidally average settling velocities of 
0.07 - 0.10 mm s"^  were estimated. Floes of similar size but wi th tidally averaged 
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settling velocities of 0.35 - 0.37 mm s"*, as well as larger floes and single grains were 
observed during spring tides. These sizes and settling velocities are small compared 
to those commonly observed in open water studies. Voulgaris and Meyers (2004) 
assert that marsh surface sedimentation occurs primarily f rom flocculated suspen-
sions though they provide only tidally averaged, invariant settling velocities of 0.24 
mm s"^  for marsh surface flows. The use of proxies for flocculated grain size or 
inferring the settling velocity of suspended particles, such as those discussed above, 
are intrinsically problematic since, for example, disaggregated surficial grain sizes 
bare l i t t le relation to the particle sizes of flocculated particles observed in suspen-
sion. Consequently estimated settling velocities are extremely small, and derived 
settling fluxes may seriously underestimate in situ fluxes. Graham and Manning 
(2007) observed suspended particle sizes &nd settling velocities of 20 to 1265 ^ m 
and 3.96x10"^ to 3.37 mm s"* in laboratory' vegetated flows (Figure 2.29). These 
significantly larger sizes and faster settling velocities than previously observed in 
t idal wetlands are thought to be more indicative of those that might be observed in 
situ due to the imaging technique utilised, though there are at present no t ruly in 
situ observations for verification. 
2.4.3 Settling Velocity Parcimeterisation in Numericcd Mod-
els 
Due to the lack of in situ observations on the size and settling velocities of aggregates 
in vegetated flows, variability in these parameters is poorly understood and badly 
parameterised. Current wetland sedimentary models typically use invariant settling 
velocity estimates (Figure 2.29). Field observations of a rapid dechne in suspended 
sediment concentration wi th l i t t le or no resuspension on the ebb have been used to 
jus t i fy a constant, fast settling velocity. Teeter et al. (2001) have reported that set-
t l ing velocity is best represented as invariant at low concentrations (<100 mg L ~ ' ) 
and inverse modelling from field observations of concentration variation over time 
by Temmerman et al. (2003b) is also suggestive of a constant settling velocity over 
all stages of the tide during inundation. Consequently French and Burningham 
(2006) adopted 1 mm s~* as a representative settling velocity. However, cohesive 
suspensions do no comprise a single invariant grain size. Woolnough et al, (1995) 
numerically investigated the spatial distribution of sediment deposition along a 2D 
transect of marsh surface as a result of deposition f rom a hypothetical 'population' 
of mixed grain sizes. This numerical study was the first to illustrate the importance 
of grain size and settling velocity variations (by implication flocculation, since i t reg-
ulates size and settling velocity) on the magnitude of deposition and the formation 
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Figure (2 .29) . Settling velocity values utilised in existing numerical models (A 
- F , left hand side of dashed red line) and from in situ obser\^ation (Gi - 1). A 
= Allen (1990), 0.25 mm s"'; B = French (1993), 0.4 mm s~^ Ci = Woohiough 
et al. (1995), 1.21 (ma^. 2.51, min. 0.10 mm s"^); C 2 = Woolnough et ai. (1995), 
0.33 (max. 0.63, min. 0.03 mm s"^); Di = Temmerman et al. (2004a), miu. 0.1, 
max. 0.14 mm s~*; D 2 = Temmerman et al. (2004b), min. 0.2, max. 3.5 mm s~*; 
E = D'Alpaos et al. (2006), 0.2 mm s"*; F = French and Burningliam (2006), 1 
mm s~*; Gi = Temmerman et al. (2003b), 0.1 mm s~'; G 2 = Teminerman et al. 
(2004a), min. 0.07, max. 0.36 mm s~^ Hi = Voulgaris and Meyers (2004) 0.24 
mm s~*(tidally averaged, marsh surface); Hi = Voulgaris and Meyers (2004), 0.37 
(ma-x. 1, min. 0.01 mm s"Hidal creek); I = Graham and Manning (2007), 0.55 
(max. 3.36, min. 0.0039 mm s"^). Adapted and expanded from original figure in 
Graham and Manning (2007). 
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of geomorphic gradients. The recent simulations of Temmerman et al. (2004b) show 
similar sensitivity to suspended grain size, and thus settling velocityj variations. 
Cross-shore variations in deposited gi'ain size and the formation of levee-basin to-
pography were predicted by the authors. 
Over short time- and spatial scales, numerical models show that settling velocity 
variations are important in the understanding of spatial distributions in sediment 
deposition. There are, however, important scale considerations that must be taken 
into account, which were alluded to in § 1. since the majority of numerical simu-
lations are undertaken to assess marsh morphodyniamics over extremely long time 
scales. Temmerman et aJ. (2004b) use a I D time stepping model aiid demonstrated 
that the influence of settling velocity on temporal changes to marsh surface eleva-
tion over the long term, is rather low compared to the influence of M H W L rise and 
suspended sediment concentration. The authors show that varying settling velocity 
by a factor of 2 - 3 induces a change in modelled marsh surface elevation of only 2 
or 3 cm. The I D model is similarly insensitive to large (i.e. factor of 10) variations 
in settling velocity due to the long simulation times. 
From what is known about the turbulent structure of flow through vegetation and 
the process of flocculation in open water, it is obvious that current numerical param-
eterisation of deposition based on a single grain size, and perhaps even size-settling 
velocity relationships derived from high shear open coastal/estuarine observations, 
ma^' be inadequate in vegetated flows. Mudd et al. (2004) parameterise settling 
of suspended sediments into direct sedimentation and that augmented by particle 
trapping by vegetation. They describe an efi'ective settling velocity which is a func-
tion of the dissipation of kinetic energy by plant stems (Christiansen et al., 2000, 
Leonard and Luther, 1995, Lopez and Garcia, 1998), acknowledging the importance 
of vegetative mediation upon the deposition process. It is difficult to estimate how-
important the accurate representation of particle size and settling velocity is in cur-
rent models of marsh evolution. The importance of scale must be borne in mind, but 
it can be said that conservative assumptions regarding floe sizes in suspension may 
lead to serious mass settling flux under predictions. In short time- and space-scale 
simulations such under-estiniates may give rise to erroneous deposition and accre-
tion rates, but for simulations over considerably longer time scales the influence of 
such flux errors may well be masked as larger scale forcings become dominant in the 
regulation of deposition. 
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2.5 Synthesis 
It is now possible, at least conceptually, to draw together the numerous canopy-flow 
observations that have been discussed iji this Chapter and tentatively hypothesise 
the influence that marsh surface vegetation may have on suspended sediment dy-
namics. In emergent vegetation, there is a complex, and as yet, not completely 
understood interplay between the reduction in mean velocity and modifications to 
turbulence levels within the flow. Intuitively, the reduction of flow speed induced by 
vegetative drag should promote conditions conducive for enhanced deposition due 
to gravitational settling, yet enhanced turbulent stresses and diffusion within the 
water column would equally keep fines in suspension and prevent them from set-
tling. Paradoxicallj^ flow routing, acceleration and turbulence production created 
by the vegetation itself may actively scour suspend material from the bed, initiating 
erosion. 
In a scenario with submerged vegetation, the drag induced by the vertical dis-
tribution of biomass plays a crucial role in disrupting the vertical profile of velocity. 
Two, potentially isolated layers, of differential flow speeds (within and above the 
canopy) are generated and conditions suitable for deposition may be created in the 
quiescent flows within the canopy. The overall magnitude of deposition will be reg-
ulated by the amount of suspended sediments that can be supplied by longitudinal 
transport through the canopy (e.g. Petliick et al., 1990). This of course assumes 
that there is no communication between the two flow layers. Studies of canopy mix-
ing layers increasingly show the penetration of high speed gusts of fluid, from flow 
above the canopy, associated with the passage of coherent vortices generated from 
the inflection point instability, into the canopy itself. Observation of these sweep 
events show that they vertically transport momentum between the flow layers within 
the canopy. The upper layer may contain higher levels of suspended sediments and 
there may be a concomitant downward scalar transport associated with these in-
termittent events. The lower layer, from which deposition occurs, would thus be 
fed intermittently by the upper layer. This conceptual model relies on the develop-
ment of a mixing layer from the inflection point instability in the velocity profile. 
Whether this can occur under the intrinsically unsteady, low flow speed conditions 
experienced during tidal inundation and with the super-imposed oscillating flows 
associated with wave motion, remains to be documented in the field. 
The form of the suspended sediment concentration profile within a canopy re-
mains something of an enigma. Despite the strikingly different dynamics between 
open channel flow and flow through vegetation, Lopez and Garcia (1998) insist that 
concentration profiles will remain Rousean in form (refer to section 2.3). Neumeier 
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and Amos (2006) and Houwing et al. (2002) have presented profiles derived from 
gravimetric analysis which show strong variation or constant suspension concentra-
tion in the vertical respectively. With such conflicting observations and without high 
resolution observations of suspension concentrations within canopies, from which a 
picture of the time averaged and instantaneous structure of the distribution could be 
developed, it is difficult to even speculate about the modifications that vegetation 
may induce. 
Given the thresholds for aggregation (§ 2.4.1) and some knowledge of the shear 
stress distributions within a canopy it might be possible to speculate about vari-
ations in the flocculatiou process. Wakes shed in the lee of vegetative elements 
reduce the characteristic length scales of the flow which may have an impact upon 
the flocculated particle in suspension. Either aggregation - since collision frequen-
cies would be increased - or disaggregation could be promoted depending upon the 
magnitude of the shear, the inherent strength of the flocculated particles and the 
length scales of the wake eddies. However, confidence in the accuracy of existing 
observations of T K E and/or shear stress in wetland canopies is low because of the 
short measurement durations and averaging periods used to determine these veloc-
ity statistics. Accurate field observations of velocit>' and concentration profiles are 
required to ascertain which processes are operative within marsh canopies and the 
degree to which these processes impact upon mass concentration distribution and 
particle size of flocculated suspensions. High resolution vertical profiles, consist-
ing of simultaneous velocit>' measurements and co-located suspension concentration 
measurements, during tidal inundation are a high priority if the influence of vegeta-
tion on the sediment deposition process is ever to be satisfactorily addressed. High 
frequency observations of particle sizes and associated settUng velocities obtained 
within marsh canopies are also required so that structural changes in size spectra 
and consequent modiflcations to mass settling fluxes and deposition rates during 
inundation can be understood. 
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2.6 Conceptual &; Methodological Issues 
Having reviewed some of the most relevajit studies to the current reseaxch, a number 
of conceptual and methodological issues arise. The salient points are discussed in 
the following section. 
Tidal marshes occur in a wide range of physical settings with a diversity of site 
specific physical and biological factors that regulate sediment deposition. Therefore 
the magnitude and spatiaJ distributions of sediment deposition vary from site to site, 
reflecting the dynamic nature of the sedimentary processes (Fennessy et al., 1997). 
Comparison between studio is hampered by non-standard presentation, averaging 
and the use of widely differing measurement periods and acquisition frequencies 
for flow observation. For example, flume studies undertaken by P M L use A D V 
time series of 2 minutes 30 s at 25 Hz (Pope, pers. comms), Friedriclis (2000) 
use 30 s at 15 Hz, Leonard and Reed (2002) use 60 s at 4 - 5 Hz; Neumeier and 
Ciavola (2004) and Neumeier and Amos (2006) use 30 - 50 s at 16 - 25 Hz in wind-
wave dominated marshes. Graham and Manning (2007) used 180 s at 25 Hz, while 
Leonard and Luther (1995) and Ghisalberti and Nepf (2002, 2004) use measuring 
durations of 600 s + at 5 and 25 Hz respectively. It is crucial that measurements 
are of sufficient resolution to capture the temporal scales over which motion occurs 
in tidal marshes and to ensure that such measurements are of sufficient duration to 
ensure stationjirity of derived flow statistics and that low frequency motions do not 
have a detrimental impact upon observations. Typically motions range, in roughly 
decreasing frequency, from the high frequency fluctuations associated with eddy 
shedding from stems, the passage of coherent structures through/above the canopy 
which may be generated by instabiUty in velocity profiles, periodic accelerations and 
flow reversals associated with surface wind waves, and the intrinsic unsteadiness of 
inundation forced by tidal flow. 
Issues with obtaining simultaneous vertical measurements of flow in the field, 
aside from the requirement for large numbers of expensive instruments, are associ-
ated with measurement synclironisation, vertical and temporal resolutions. EMCMs 
have largely been superseded by ADVs and criticisms about low sampling frequen-
cies, spatial averaging and flow disturbance are largely irrelevant. A D V sonic path 
lengths present new problems in measuring sheillow flows. Downward, or upward, 
looking ADVs require the trEinsraission distance of the sonic path (from transducer 
to sampUng volume which is 0 (5 - 15 cm) depending on model) to be fully covered 
by water before valid measurements can be obtained. Consequently there is typi-
cally a considerable time lag between initial marsh surface inundation and initiation 
of flow measurement. Crucially, information on velocity and turbulence structure 
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close to the bed within the sheet flow conditions which develop during the initial in-
undation of the marsh cannot be obtained. Furthermore, because the first moments 
of inundation are not observed, the times of highest flow energy and thus of most 
relevance to marsh surface sediment dynamics, are missed. Observations could be 
substantially improved by mounting velocimeters such that they *see' horizontally. 
Thus the water would only need to cover the head (^5 cm) before measurements 
could be obtained. Simultaneous measurements of flow statistics in the vertical 
could easily be obtained by adopting Doppler profiling instrumentation, admittedly 
at the expense of near-bed resolution and sampling frequency. Comparisons between 
studies would benefit iumicuscly from the adoption of standard parameter groupings 
for normalisation of results. 
The composition of vegetative canopies on a marsh surface varies seasonally and 
consists, not of monospecific vegetation, as it might appear from the majority of 
flow investigations, but of communities of macrophytes with varying complexity in 
their morphology and dynamic response to imposed flow conditions. The strik-
ing difference in mean flow distribution and turbulence structure between 'ideal' 
canopies and 'real' canopies of vegetation with simple morphology is well illustrated 
by Neumeier (2007b). In the field, unsteady free stream flows and variations in 
stem density, the vertical distribution of biomass and the flexibihty of vegetation 
all contribute to within canopy velocity and turbulence distributions maldng real 
world canopies very complex systems indeed. Heterogeneity may also divert waters 
into preferential flow paths, but on most marshes these are poorly known and likely 
to vary considerably as the depth of water on the marsh changes (Allen, 2000). 
The potential impact of flow routing on marsh surface sediment dynamics may be 
substantial, as illustrated by the modelfing work of Temmermaji et al. (2004b) and 
D'Alpaas et al. (2006). However, every efi"ort must be made to understand the effects 
of flow through increasingly real canopies, those whose vegetative morphologies are 
complex and through canopies which are non-homogeneous (either in species com-
position, time or space). The precise nature of biotically induced modification may 
be strongly site specific, but generic relationships and their parameterisations, as a 
first approximation, would be immensely valuable for numerical modelling efforts. 
The influence of temporal changes in vegetative cover on seasonal hydrodynamic 
regimes also requires quantification. The influence of additional sources of turbu-
lence (i.e. wind, waves, surface roughness etc.) on stresses and diffusion in the field 
needs to be addr^ed as increasing realism is sought. Small surface wind waves are 
ubiquitously imposed on the tidal currents that drive marsh flows. Relatively low 
bed shear stresses are induced by the tidal currents themselves, so even small am-
plitude waves may be very important forcing agents in such shallow flows. Orbital 
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velocities may significantly (perhaps by orders of magnitude) alter velocity compo-
nents and the total bed shear stress from the levels observed in both laboratory and 
field investigations carried out to date. A concerted effort is required to document 
this effect and elucidate the influences of oscillatory motion on canopy transport 
processes which have largely been examined under steady unidirectional currents. 
A movement away from the focus on time-averaged flow properties is required to 
further elucidate the structure of flow within the canopy and begin to understand 
the role that intermittency and coherent flow structures play in suspended sediment 
trajisport and deposition over marsh surfaces. Similarly, much of what is understood 
about canopy dynamics has been achieved through observation under conditions 
of uniform flow; extensive, high resolution studies of canopy flow in the field are 
required to examine canopy hydrodynamics under conditions of non-stationarity and 
intermittency that characterise real marsh surface flows. However, understanding 
of these complex flows can only be advanced from a firm understanding of canopy 
dynamics in simpler, ideal situations. Generic laboratory or simplified scenario 
studies are no less important than measuring real processes occurring in a given 
field location if they contribute to understanding at a fundsmiental level. Wliile 
dynamics in deeply submerged, atmospheric canopies have been heavily studied and 
are increasingly well understood, emergent and depth limited flows have received 
comparatively little attention. 
Marsh surfaces are typified by heterogeneous vegetation communities and in 
these situations one of the futures of marsh research is in spatially distributed, 
multiply instrumented platforms which will be necessary to ascertain the spatial 
variation in flow characteristics over marsh surfaces during inundation. Terrain 
complexity also influences flow processes and it would be informative to understand 
more about the tremsition process from mudflat to marsh surface and the way in 
which the flow adapts to the transition from un-vegetated flow to fully vegetated 
flow. The time and space scales over which this occurs would radically affect floc-
culation and marsh surface sedimentation. Neumeier (2007b) shows a *snap shot' 
of this transition and the development of an apparent equilibrium within the first 
2.5 meters of vegetation under steady currents. Due to the limitation of using a 
single instrument, the author gives no indication of the timescale over which this 
adaption might occur. The modelling study of Bouraa et al. (2007) shows similar-
ity in results with the laboratory observations of Neuraeier (2007b) indicating that 
the stem height, density and vertical distribution of biomass are important controls 
upon vertical profiles of mean velocity and the spatial distribution of shear stresses 
and Turbulent Kinetic Energy within the canopy. 
Finally, accurate, direct and non-intrusive observations of suspended particle size 
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and settling velocity are required to address concerns over accurate representation in 
numerical models of these slowly evolving morphodynamic systems and to examine 
temporfil variations in these parameters during inundation. Existing observation 
systems are largely designed for deep water work and are thus too cumbersome 
to deploy in salt marsh environments. Additionally the majority of systems are 
incapable of samphng in proximity to the bed. Further complications arise from the 
techniques used to measure suspended particles. Computations by light scattering 
instruments (such as LISST) are based upon assumptions of particle sphericity. 
Natural suspended particles are distinctly non-spherical and may have high porosity. 
Measured forward scattering, which is principally the light diffracted around tlie 
edges of particles, is approximately proportionally to the projected cross-sectional 
area of a particle. Since spheres have the lowest cross-section per unit volume, 
whenever non-spherical particles are measured both size and volume concentrations 
will be overestimated. There is a great deal of uncertainty in the measurement of 
flocculated particles, by all optical methods, since the characterisation of particle 
shape and size is distinctly difficult. 
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2.7 Concluding Remarks 
The fully submerged canopy flow scenario has received considerable research atten-
tion since it is prevalent in atmospheric flows. Its occurrence during, and relevance 
to the dynamics of, marsh surface inundation must be questioned (see section 2.2.3) 
since full canopy inundation occurs only infrequently. The emergent condition, which 
more closely resembles the flows experienced during marsh surface inundation, has 
received comparatively little attention due, in the main, to the diflficulties of obtain-
ing flow measurements in shallow water, close to boundaries. 
Over-mai'sh flow structure is laigely a result of free stream velocity (and inherited 
structure from antecedent conditions), topographic forcing and plant-flow interac-
tions, where the primary controls are canopy structure (density, biomass distribution 
and plant architecture) and the submergence ratio (H/h). This review has hmited 
attention to vascular, canopy forming marsh surface macrophytes. Flume studies 
generally shown that such vegetation significsmtly reduces within-caiiopy and near-
bed flows, and that there is a strong dependence on cajiopy height and stem density. 
It is clear that flow reduction is well correlated with vertical biomass distributions 
and the complexity of the canopy architecture. Density dependant flow reduction, 
and the formation of quiescent environments, may be partially offset by the aug-
mentation of fluid turbulence by vegetative stems. In some cases, the turbulence 
associated with wake shedding may lower critical erosion thresholds for vegetated 
substrates in comparison with un-vegetated surfaces under the same current veloc-
ity. This has led to observations that seem to conflict with the general picture of 
quiescent flows which arc conducive to deposition and sediment stabiUsation. As 
the study of marsh surface vegetation-flow interactions is still very much in its in-
fsmcy, the subtle ways in which vegetation may influence its surroundings are only 
beginning to be understood and there remains a significant paradox: in the broad-
est sense, the baffling effect of vegetation may contribute to conditions conducive to 
sediment deposition (the reduction of mean flow and turbulence intensities at the 
canopy scale) yet at other scales the presence of vegetation may be detrimental to 
sedimentation (via the augmentation of local turbulence intensity due to production 
at the scale of vegetative elements). 
Simple relationships to parameterise drag, velocity reduction and turbulence 
intensity distributions have been developed for ideal canopies with a homogeneous 
spatial stem distribution. Such simple relationships begin to break down in the 
presence of 'real* canopies which are characterised by pronounced in homogeneity 
in their spatial extent. The challenge for future research is to relate the theories 
that have been developed for the ideal to the real. Suspended sediment dynamics 
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and scalar transport in canopies of common marsh macrophytes remains something 
of an enigma and requires considerable further research. Sediment accretion can 
be measured at a range of spatio-temporal scales and it is important to interrelate 
them over the full range of applicable scales. Shorter-term rates and patterns of 
erosion and deposition may not reflect longer term net erosion or accretion rates 
due to factors such as seasonality and the influence of high-magnitude, low-frequency 
extreme events. A sound understanding of the processes that affect deposition in the 
short term, coupled with factors that operate over longer time periods, will enable 
the spatial patterns and magnitudes of sediment accumulation to be predicted with 
increasing accuracy both in a generic systems sense and specifically for individual 
case study environments. 
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Chapter 3 
Methodology 
In the previous chapter, a thorough review of existing work was undertaJten. Pre-
vious research on canopy flow interactions have been undertaken to the best of the 
investigators abilities and within constraints on the availability of resources and 
instrumentation. It quickly became apparent however that there are a. number of 
limitations associated with some previous studies. In the present chapter instrumen-
tation and experimental design used to address the research questions posed in § 1, 
as well as some of the limitations identified in the previous chapter, are presented 
and discussed. By way of introduction, a brief overview of the experimental protocol 
is provided in § 3.1. The principal instrumentation used in the experiments is out-
lined from § 3.2 onwards, including discussion of a large, annular laboratory flume, 
the method by which it was vegetated (§ 3.4) and techniques for monitoring flow 
and suspended sediment concentrations within it (§ 3.3 and § 3.5). Finally, a novel 
method for observing flocculated, suspended sediments and estimating particle size 
and settling velocity using digital in-hne holography is presented in § 3.6. 
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3,1 Experimental Protocol 
This study uses both controlled investigation in a laboratory flume (§ 3.2) and 
field verification (§ 3.1.3) to address the research questions presented in Chapter 1, 
The controlled experimentation can be broken down into two broad experimental 
types; I) those in which only the influence of an S.anglica canopy on pure-water 
hydrodynamics are of interest, and II) those in which the influence of the canopy on 
suspended sediment dynamics are of interest. 
T y p e I experiments consist of the collection of vertical profiles of flow prop-
erties in vegetated and un-vegetated flows. These data are used to examine the 
bulk changes to the flow field induced by the vegetation. The structure of the flow 
field within the canopy is also addressed using these data sets. In line with previous 
studies, some informed inferences as to the influence of vegetation on suspended sed-
iment dynamics are also possible from this hydrodynamic information. The protocol 
for these experiments is presented in Section 3.1.1 and the results of these experi-
ments are presented in Chapter 4. T y p e I I experiments consist of vertical profiles 
of suspended sediment concentration, in conjunction with single-point, near-bed 
3D velocity measurements. In addition a novel holographic technique is employed 
to estimate the size and setthng velocity of suspended particulates near the bed 
within the canopy. The data from these experiments are used to directly address 
the inferences created by Type I experiments. The protocol for these experiments 
is presented in Section 3.1.2 and the results of these experiments are presented in 
Chapter 5. In addition to the laboratory method, field observations were made on 
a small salt marsh in the Tavy Estuary, Devon, U K . Details of this field site and 
information regarding the protocol for these observations is in Section 3.1.3 and the 
results of the field observations are contained in Chapter 5. 
In the following discussions the frame of reference is a right-handed Cartesian 
co-ordinate system (Figure 3.1) where x is oriented with the stream wise component 
of flow (£/i), y with the transverse component {U2) and z is positive upward with 
the vertical component (C/3). All horizontal distance measurements in the flume are 
relative to the leading edge of the vegetative canopy (x = 0) i.e. — Im indicates 
measurement at a position Im upstream of the leading edge (in open water) and Im 
indicates Im downstream of the leading edge (within the canopy), unless otherwise 
indicated. 
To describe fluid motion in each of the flow components, the principal Reynolds 
decomposition is adhered to: 
Ui = Ui-['Ufi (3.1) 
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Figure (3.1). FVame of reference indicating Cartesian coordinates (x,?/, ^) and 
associated flow components (C/i,C/2it^3) positive in the direction indicated by arrow. 
where Ui represents a time average of component i and u,/ the zero-mean, fluc-
tuation. Discrete obstructions within the flow field, such as vegetative elements, 
confer a certain spatial in homogeneity to the fluid and to characterise this it is use-
ful to adopt a spatial average (denoted (. . . )) in addition to the temporal average in 
Equation 3.1. Further details of, and justification for, this procedure can be found 
in § 4.1. 
3.1.1 Clear-water Hydrodynamics - Type I Experimenta-
tion 
Type I experiments were made in clear water and consisted of vertical profiles of 
single-point velocity measurements under constant, uni-directional currents in an 
un-vcgetated flume and within a Spartina anglica canopy. The vertical resolution of 
the measurements and their indicative locations are marked in Figiure 3.2. 
For experiments with a canopy of S.anglica, a 2.75 m test section of the flume 
was vegetated (§ 3.2.1.2 and 3.4.4). The flume was sdlowed to spin up for 15 minutes 
at 0.30 m s~^(refer to Section 3.2.1) before the current velocity within the flume was 
reduced to one of two constant speeds, 0.15 or 0.25 m s"*. 20 minutes was allowed for 
the water mass to equilibrate with the reduced shear before three separate vertical 
profiles of ADV measurements, displaced by ± 3 0 mm from the channel centerline at 
X = 2.5 m were collected (refer to Section 3.3 for information on A D V and profiling 
capabilities and § 4.1 for a discussion on measurement location within the canopy). 
These profiles are used to derive spatio-temporal averages of the flow statistics. 
3.1.2 Suspension Concentration & Particle Characterisation 
- Type I I Experimentation 
Category II experiments were conducted under nominal suspended sediment con-
centrations of 50, 250, 500 and 1000 mg For each suspension concentration 
the flume was allowed to thoroughly mix the suspended sediments at a high speed 
(0.3 m s"^) before decelerating to one of two constant test speeds (15 or 25 m s"*)-
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Vertical profiles of suspended sediment concentration were obtained with Miniature 
OpticEd Backscatter Sensors (MOBS) sampling at 8 Hz for the duration of the exper-
iment. Figure 3.2 illustrates the vertical MOBS spacing used during tliis experiment 
(see § 3.5 for details of sensors construction). Concomitant with the MOBS obser-
vations a series of particle size measurements were undertaken with a unique digital 
in-line holography technique (§ 3.6) to estimate the size and settling velocity of 
suspended particles in the stem region of the canopy (z = 0.05 m). 
3.1.3 Field Observations 
To examine the flow field within a vegetative canopy under dynamic conditions, 
and to provide verification for the laboratory observations, a vertical array of 5 
velocimeters (sampling at 32 Hz), 3 OBS sensors and 2 pressure transducers (Fig-
ure 3.4) was deployed on a small estuarine marsh in the Tavy Estuary, a tributary of 
the Tamar Estuary, Devon, UK (Figure 3.3). The instrument array was positioned 
Figure (3.2). Schematic of measurement locations for Type I (hydrodynamic) 
and Type I I (concentration) experiments. Measurements associated with Type I 
are illustrated in the dotted box. Circles (open = un-vegetated exp., closed = 
vegetated exp.) indicate locations of ADV measurements above the bed with 1 
cm vertical resolution (ADVz). A reference velocity measurement (filled square, 
ADV//) is taken above the canopy synchronously with ADV^ measurements. Type 
II measurements are illustrated in the dashed box. 8 Miniature Optical Backscatter 
Sensors (MOBS) are distributed in the vertical (open circles with crosses) and a 
single ADV measurement is obtained near the bed (solid circle). Water samples for 
analysis of suspended particle size are withdrawn at the same location as the ADV 
measurement. 
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3 m landward from the lea^ling edge of Blaxton marsh (Figure 3.5 A ) for 4 inun-
dation cycles during 10"" - 13"' August and 8"* lO"* September 2006 to coincide 
with the ecjuinoctial spring tides. The marsh is a small (approximately 800 m^). 
near-monospecific S.anglica estuarine fr inging marsh (Pye and French. 1993b). I t 
has tlic cliaractrri.stic- plano-convex profile of a young system, wi th no creek drainage 
network. There is a smooth transition f rom front ing mudflat to vegetated salt marsh 
with no c liff at the seaward (^Ige. The site has a north-westerly aspect, looking out 
across the upper Tavy and is enclosed by hills so that fetch distances across the 
estuary are l imited to 600 - 700 ni. During the field survey the marsh was inun-
datcxl for api)roximatcly 4 hours either side of High Water to a maximum depth of 
i s in. Data actpiisition was continuous and synclironous ix ' twcm all the instru-
ments during inundation. An Acoustic Doppler Current Profiler ( A D C P ) was also 
installed in an upward looking configuration, flush mountccl wi t i i the bed. amongst 
tlic vrgciaiion (refer to Figure 3.5 B ) . 
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Figure (3.3). Location of Blaxton Marsh. Taw K-fii;nv. I ' K . RCKI dots illustrate 
field location. Adapted from Uncles and Stephens (2000). 
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Figure (3.4). S c l i n n a t i c of instruiiK'nt array <l<'j)l()y<'<l in s i tu. A n'(tan^;ular 
scatfoldiii-; frame supports five vclociuK'tcrs and two pressure traus(hicers (left hand 
side) and three OBS sensors (right hand side). 
Figure (3.5). Photograph of field instrument array (A) and up-ward looking 
ADCP (B). 
3.2 Instrumentation: Flume 
Laboratory studies to examine the 'pure-water' hydrodynamic influence of vegeta-
tive canopies are commonly carried out in straight, re-circulating flumes (e.g. Shi 
et al., 1995, Neumeier, 2007b). Such facilities can simulate near 2-D (i.e. U2= 0) 
pressure-gradient driven flows. I f they are sufficiently long they can create fu l ly de-
veloped boundary layers and, having a free surface, may be capable of superimposing 
surface waves on a mean current. However, despite their apparent advantages, cohe-
sive sediment research is rarely carried out in straight flumes. One reason is that the 
re-circulation process (necessarily involving high-volume impeller driven pumps and 
tightly angled return pipes) creates high shear stresses. These may modify the floc-
culation process such that the dynamics of the suspension wi th in the flume are actu-
ally a product of antecedent conditions during re-circulation and not determined by 
the hydrodynamic conditions in the straight test section. Additionally, conventional 
methods to minimize flume-induced turbulence (e.g. 'honey-comb' straighteners to 
disrupt channel-scale coherent flow structures) may also contribute to modifications 
of suspended sediment dynamics by generating high shear stresses. 
As an alternative to the apparent problems wi th straight, re-circulating flumes, 
cohesive sedimentologists have advocated the use of annular flumes (Nowell and 
Jumars, 1984, 1987, Jumars et al., 2001). Water is circulated around a curved 
channel (circular footprint) by surface shear wi th a rotating l id that floats on the 
water surface (James et al., 1996). Consequently, annular flumes do not produce re-
circulation sliear maxima that might modify the flocculation process and, once the 
water mass is ful ly spun up, the boundary layer is ful ly developed over an effectively 
' infinite ' bed section. Annular flumes are not without their problems however. The 
curved channel induces a helical flow structure and strong radial components of flow 
can be generated (i.e. U2 ^ 0). The totally enclosed channel ob\nously lacks a 
free surface and shear between the annular lid and the water generates a surface 
boundary layer in addition to those generated at the bed and walls of the channel. 
Flow in annular flumes is thus characterised by a single cell, spiraling, secondary 
flow (Bottaro. 1993). In addition to modifying the fundamental structure of the 
flow, these 'secondary currents' superimposed upon the mean, stream-wise flow are 
thought to have an effect on the bed shear stress (making i t heterogeneous in both 
cross- and down-stream orientations) and thus the settling behaviour of cohesive 
sediments (since Uz 7^  0). 
Despite these problems, studies of flovv-canopy interaction dynamics have pre-
viously been conducted in small annular flumes at Plymouth Marine Laboratory 
(PML) (Widdows and Brinsley, 2002) and the National Oceanography Centre (NOC) 
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(Graham and Manning. 2 0 0 7 ) . While the size of these facihti t^ means that vege-
ta t ing the test sections and fiUing the annulus is not t ime consuming, the overall 
dimensions of the flumes means that the beds have to be ful ly vegetated to establish 
uni form flow (wi th obvious consecjuences for bed sheltering). Flow structure is thus 
far f rom that t xpcrif i u c d in the held as the size of vortices which can develop in 
th(» water colunm are l ini i t(Hl by flume dimensions. 
3.2.1 The Carousel 
A large annular flume (Figure 3 . 6 ) , previously owmnl bv Hydraulic Research Walling-
ford , Oxford, has been refurbished for use in the present study. A t the time of its 
commissioning (ca. 1 9 8 4 ) this flume was the largest facil i ty for studying cohesive 
.sfxliment dynamics in p j i i o p r n i i d \va> u s e d h v Ockenden and Delo ( 1 9 8 8 ) . Graham 
( 1 9 8 9 ) . Graham et al. ( 1 9 9 1 ) , Ockenden and Delo ( 1 9 9 1 ) . Graham et al. ( 1 9 9 2 ) and 
. I n i i i . ' v .'T - i l . ( I ' I ' M i l . I)ini»-n>i«Mi> a i v n i v r i i in r a h l r . i . l . 
Figure (3.6) . The Carousel in-situ at the University of Plymouth 
Diameter 
Annulus width 
Annulus height 
Midline circumfercnc« 
\o lume 
Bed area 
6 m 
0 .4 m 
0 .4 m 
1 6 . 3 4 m 
2 8 1 4 . 9 L 
7 . 0 3 7 1 
Table (3.1). Carousel size statistics. 
8 0 
The annulus rests on 12 concrete support plinths, and the drive assembly - which 
supports the annular l id - is bolted to a hydraulic platform. This pla t form is capable 
of 500 mm vertical movement and allows the annular l id to be raised clear of the 
channel, providing unobstructed access to the annulus. Spindle rotation is via a 
250 V DC electric motor geared at 50:1 to a f r ic t ion drive that rotates the spindle 
assembly. A n Allen Bradley Bulletin 1333 frequency division unit that steps in 
0:0.5:50 Hz is used to give fu l l dynamic control of the electric motor. The water 
mass wi th in the flume is fu l ly spun up after approximately 15 minutes of continual 
forcing. 
Previous investigators have used the Carousel in a configuration where the an-
nular lid is inserted into the channel such that it is flush w i th the top of the channel. 
During refurbishment the exacting tolerances for location of the spindle in the centre 
of the annulus could not be met and. as a result, the annular l id cannot fit inside 
the channel without considerable fr ic t ion on the channel walls. To overcome this, 
the annular l id is suspended just above the channel so i t can rotate without con-
tacting the channel walls. Ini t ia l ly water flow was induced wi th as>'mmetric paddles 
(Figure 3.7) fitted to the l id . The flow wi th in the flumes of Widdows and Brinsley 
(2002) and Amos et al. (1992) are also driven by small paddles fitted to the annular 
lids. However, concern over the influence of the paddles on instantaneous stresses 
within the channel (i.e. the injection of strong periodicity into the flow) and conse-
(}uent eflFects on flocculation processes prompted a re-evaluation of forcing the flume 
flow in this manner. To overcome paddle induccnl ('fl"ec ts on shear stresses wi th in 
Figure (3.7). Example of one asymmetric paddle initially fitted to flume lid 
the water column - which may influence the behaviour of cohesive sediments wi th 
the fluid - a polystyrene 'spacer' has been fabricated to bridge the gap between the 
^1 
l id and the \vat« r surface wi t l i i i i t lic annular channel. This spacer provides a fiat 
surface to drive the flow removing the source of periodicity injected into tlie flow 
when paddles are utilis<Hl. 
3.2.1.1 V e l o c i t y M e a s u r e m e n t 
Some significant modifications to the flume were required to mount two Acoustic 
Doppler Velocimeters (see § 3.3) as previous investigations using the Carousel have 
relied on Hot F i lm Anenionieterv or Laser Doppler Anemometery (e.g. Graham 
et al.. 1991, James et al., 1996). One A D V is mounted horizontally (in either an 
upward- or downward looking configuration) on a 2-axis (yz) micro manipulator and 
is inserted into the channel through the outer sidewall (Figure 3.8 A ) . A jxMspex 
wetho.x mounted on the outside of the channel is a simple method to prevent water 
egress (Figure 3.8 B ) . The second A D V is mounted in a static configuration so its 
sampling volume is at z =0.245 m above thv bed in the centre line of the channel. 
0.206 m upstream of the first A D V . The relative positioning of the velocimeters is 
illustrated in Figure 3.9. 
Figure (3.8). Nortek ADV (A) positioned mid channel on micro-manipulator in 
downward lookin.u, c o i i t i ^ u r a t i ( A Pcr>i)cx 'wrtbox" (B ) i> fiTTcd To the rxtmial 
wall of channel and contains the micro manipulator. 
3.2.1.2 V e g e t a t i v e Test Sec t ion 
The size of the annulus pr<)liii)its vernat ion of the entire bed area. A tost se( lion 
of vegetated perspex base plates totaling 2.75 m in length (occupying 14% of the 
to ta l bed area) is installed (see § 3.4.4). As the velocimeters (Section 3.2.1.1) are 
innnobile in x, the small base plate sections are designed so that they can be easily 
slid past the velocimeter to simulate moving the velocimeter, horizontally, through 
the canojn. 
The test section is designed to be split into two subsections (Figure 3.10). one 
upstream of the A D V (length 2.5 m) and one downstream of the A D V (length 
ADV, 
• z/h = 1.1. 
X disp. = 0.95h 
T ADV, 
z/h= 1.26 
z/h = 1 
ADV, 
2/h = 0.005 
Figure (3.9). Relative positioning of fixed reference probe (ADV// ) 0.95//. up-
stream of traversing probe (ADV^) . The latter velocimeter is capable of measuring 
within the vertical space of 0.005 < z/h < 1.26 and over the entire channel width. 
Measurements for this study are restricted to 3 cross stream positions at the cen-
treline ±30 mm. 
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0.25 m). The two sections are separated by an un-vegetated section 10 times the 
separation distance between individual vegetative elements (refer to Figure 3.19 in 
§ 3.4.4). 
-4— ADV 
Direction of Flow 
Figure (3.10). Schematic of the vegetated annular flume illustrating the separation 
of the vegetated test section up- and down-stream of the traversing ADV. Reference 
ADV is not shown here for clarity. 
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3.3 Flow Measurement 
Acoustic Doppler Velocimeters (ADV) axe non-intrusive, bistatic flow meters de-
signed to record instantaneous velocity components in 2 - 3D wi th in a small, remote 
sampling volume at high frequency. They axe quick to set up and easy to operate. 
Consequently they are extremely popular in both laboratory and field investiga-
tions where single point measurements of hydrodynamics are required. Acoustic 
Velocimetery has quickly become the standard for accurate flow measurement. 
An A D V transmits short acoustic pulse-pairs f rom a transmitter at the centre of 
the probe head (Figure 3.11). Some acoustic energy is back-scattered by suspended 
particles, air bubbles and local density gradients that pass through the samphng vol-
ume (approximately 0.25 cm^) located 45 mm from the transmitter. Three receivers 
mounted around the probe head capture the back-scattered pulses. The Doppler 
sli if t and phase coherence of this return signal, in relation to the emitted signal, 
is used to calculate the radial velocity along each of the three bistatic axes. Ra-
dial velocities are converted to a Cartesian coordinate system using an empirically 
determined transformation matrix. In steady flows the A D V signal characterises 
•45mm Sonic 
Path 
Acoustic 
Transmitter 
Acoustic 
Reciever 
Remote Sampling 
Volume 
(6mm diameter. 
9mm length) 
Figure (3.11). Schematic of ADV and sampling volume. The default sampling 
volume size of 6x9 nun (0.25 cm^) is used in this study. 
the combined effects of acoustic scatter velocity fluctuations (by proxy, the fluid 
velocity), tiurbulent shear and Doppler noise (Mclelland and Nicholls, 2000). For 
all experiments the nominal velocity range of the ADVs were set to ± 1 0 cm s"^ 
to reduce instrument noise in measurements of maximum horizontal and vertical 
velocities of ± 6 0 and ± 1 5 m s"* respectively (NortekAS, 1998, p . l 9 ) . 
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3.3.1 Despiking 
Ambiguous velocities are generated in A D V data as a consequence of Doppler noise 
aliasing, air bubbles and higher turbulence intensities than the nominal ranges which 
the A D V is configured to measure (e.g Voulgaris and Trowbridge, 1998). Ambiguous 
velocities observations are often termed 'spikes' due to strong departure from local 
velocity trend. These spikes must be removed f rom the signal as they can introduce 
bias to derived quantities. A major problem, however, is the difl iculty in distin-
guishing spike noise from the qualitatively similar looking turbulent fluctuations 
wi th in a velocity time series (Figure 3.12 A ) . Many spike identification procedures 
have been proposed, f rom low correlation methods, to moving averaging, Fourier-low 
pass filtering and acceleration thresholding (first differential of velocity). 
According to manufacturer's recommendations, A D V signal parameters - (phase) 
Correlation (wliich estimates velocity uncertainty, in an inverse sense) and SignaJ-
to-Noise (SnR) ratio - should be used to exclude spurious data using the Low Cor-
relation method. Instantaneous velocity measurements wi th Correlation < 70% and 
SnR < 14 dB are commonly filtered in an attempt to eliminate spike data in analy-
ses. As is illustrated in the following section, this is not a reliable method for dealing 
wi th spike data aiid a more robust method is required for spike removal. 
3.3.1.1 'Phase Space' Spike Detection & Remova l 
To identify velocity spikes the true 3D 'phase space' method, developed in pseudo 
3D by Goring and Nikora (2002) and further modified to true 3D by Wali l (2003), 
is used in this study. The zero-mean fluctuating velocity Ui and its first and sec-
ond derivatives, Aui and A ^ U j , are plotted on a Poincare map. To illustrate this 
method, the data f rom Figure 3.12 A are plotted in phase space in Figure 3.13 C. 
Valid velocity data forms a dense cluster in phase space within an ellipsoid whose 
size and shape is defined using the standard deviations of Ui, Aiti and A ^ U j and the 
Universal Criterion, Ay , which is related to the length of the time series (Donoho 
and Johnstone, 1994). Spurious data - or spikes - fal l outside this elUpsoid. The 
separation of spike data from the main cluster is exaggerated for the derivatives 
because the differentiation accentuates the high-frequency components. The phase 
space method has been coded to iteratively identify spikes simultaneously in al l three 
velocity components unti l spike occurrence drops to zero. Since an A D V calculates 
radial velocities, then transforms them to Cartesian coordinates, when a spike is lo-
cated in one component i t is assumed to bias measurement in all components. Thus, 
the corresponding samples in the remaining two components are removed whether 
or not they contain identified spikes. This procedure is time efficient, accurate and 
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Figure (3.12). Example ADV f ' l tinir >. rirs with imHnincnt spikr> id. nTiticd (A 
C) and the corresponding c-loan .signal after dospiking with phase-space method 
(D - F) . 
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Figure (3.13). Example of data clustering in phase space. In this example u, = ufi 
from Figure :1.12 A . 
does not require the use of empirical tuning coefllicients or arbitrary event thresholds 
for the identification of spurious data. 
Mor i et al. (2007) have shown that spike data is randomly distributed wi th in the 
whole range of the velocity field and, contrary to popular belief, there is no correla-
tion between signad Correlation or SnR levels below the manufacturers recommended 
values of validity and the occurrence of velocity spikes. This is illustrated for the 
data in Figure 3.12 A by Table 3.2. Only 0.13% of the Ui component contains 
spikes identified by the phase space method. 20% of the time series is eff'ected by 
correlation drops and 0.06% of the time series is effected by SnR below the recom-
mended thresholds. Spike filtering based on low Correlation and SnR values cannot 
be regarded as a robust method for removing ambiguous velocity data f rom a time 
series. 
Total observations 19248 
No. Spikes Detected U2 U3 
Phase Space 25 62 70 
SnR threshold 3828 0 0 
CORR threshold 12 0 0 
Table (3.2). Comparison of phase space spike detection with those identified 
with reference to quality indicators (SnR and Correlation) less than manufacturers 
recommended tiu*eshold values. 
3.3.1.2 Spike Replacement 
Spike replacement is an essentially arbitrary procedure but i t is important that 
spikes are replaced once they have been identified and removed, to maintain the 
temporal structure of the signed. Numerous possible methods exist, and since the 
exact replacement procedure is an arbitrary choice, all have equal validity. I t is 
important however that spike replacement doesn't introduce further bias into the 
time series. In this study, spike replacement is undertaken wi th a shape preserving 
piecewise cubic interpolation through the spike location. 
3.3.2 Doppler Noise Removal 
A second major source of contamination in A D V time series is that of Doppler 
Noise. This may create an ahasing effect in frequenci^ greater than the Nyquist 
(/s/2, where fs is the sampling frequency of the A D V ) . Lohrmann et al. (1994) 
have show that Doppler noise can bias high derived turbulence paurameters such as 
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estimates of T K E . , Therefore i t is essential that Doppler noise is removed f rom A D V 
time series before ansdysis is performed, otherwise second and higher-order moments 
wi l l be biased due this aliasing (Lane et al,, 1998). The nature of Doppler noise is 
random, non-biased and Gaussian, therefore removal of this noise is achieved wi th 
a Gaussian low-pass filter (Biron et al., 1995): 
wit) = {2nay-'exp{^) (3.2) 
where a is the standard deviation of the normal curve defined using a half power 
frequency ( / 5 0 ) equal to /a/6: 
Figure 3.14 compares the power-spectra of the example raw time series (Fig-
ure 3.12 B ) wi th the results obtained after filtering. The raw velocity data exhibits 
a characteristic noise floor between 205 < k < 225 m ~ ^ The expected - 5 / 3 slope 
of the Inertial Sub Range (ISR) extends over only a very short wave-number range. 
Low-pass filtering creates a strong roll off" in this frequency range and extends the 
ISR wave-number range more than 10 fold. Filtering in this way has important 
implications for the accuracy of turbulent dissipation rates estimated by —5/3 ISR 
slope fits in Chapters 4 and 5. 
In Table 3.3 statistics derived from the raw time series, a despiked time series 
(using the Phase-Space method from § 3.3.1.1) and a despiked- then filtered t ime 
series (using Gaussian filter presented above) are compared to examine the effects of 
these combined processes on the final signal. In the final two columns the despiking 
and filtering order is reversed to examine the influence of antecedence on the resulting 
statistics. 
The combination of the despiking procedure and low-pass filtering, have no effect 
on the mean velocity, but decrease the signal variance by almost 20%, marginally 
increase the Reynolds stress (2%) and the integral timescale estimates by 25%. The 
order in which a time series is treated (i.e. despiking then Doppler filtering, vs. 
Doppler filtering then despiking) can be seen to have no impact upon the total mag-
nitude of change that the process impart to the final signal (e.g. variance is reduced 
by 19% and integral timescale increase by 25% regardless of the order of treatment). 
Modifications to the filter (cither in terms of the standard deviation of the Gaussian 
or the type of filter employed) or the use of alternative spike replacement procedures 
wi l l further effect time-series statistics and i t then becomes diff icult to make reliable 
comparisons between data that have not been treated in an identical manner. The 
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Figure (3.14). Normalised power spectral density of raw and Gaussian low pass 
filtered ADV time series. Filtering removes a significant proportion of the noise in 
the raw signal allowing better visualisation of the characteristic k~^^^ slope in the 
Inertial Sub Range. 
Raw Despiked Filtered Filtered Despiked 
0.275018 1 1 1 1 
0.000222 0.982 0.806 0.815 0.806 
U , U 3 -0.00511 1.011 1.012 1.001 1.011 
0.003275 1.022 1.245 1.227 1.245 
Table (3.3). Comparison of time-series post-processing sequence. Mean, vari-
ance, time-averaged Reynolds stress and integral timescale (seconds) comparisons 
for component C/ibetween raw series, after despiking (Phase-Space method) then 
filtering (Gaussian filter) and after filtering then despiking. Variables in column 2:4 
are expressed as ratios of the raw data 
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despiking and filtering routine (applied in that order) presented above is adopted in 
this study as 'standard' procedure, but i t must be made clear that there is by no 
means agreement in the literature on a universally standard procedure that should 
be adopted for all investigations wi th ADVs. 
Returning attention to Figure 3.14. i t is appropriate here to digress slightly in 
order to explain the calculation of the Turbulent Kinetic Energj^ dissipation rate 
(i.e. the cascading energy- flux). The dissipation rate (77) is referred to frequently in 
Chapters 4, 5 and 6 and unless otherwise stated is estimated by curve fitting to the 
energ>' spectrum in the inertial subrange - a technique commonly referred to as the 
Inertial Dissipation Method (Stapleton atid Huntley, 1995). This method assumes 
that an inertial subrange exists in the wave number spectrum in which energy decays 
wi th increasing wave number to the power of —5/3. A least squares fit is made to 
the portion of the Eii{ki) spectrum that has a - 5 / 3 slope (indicated in Figure 3.14 
by reference line) assuming that: 
where e is the T K E dissipation rate. Energ>^ spectral are calculated using Welch's 
method (Welch, 1967) wi th velocity time series windowed into 1024 data points, 
linearly detrended, and overlapped by 50% unless otherwise specified. The T K E 
dissipation rate can be used to estimate other quantities of the flow such as the 
Kolmogorov length scale: 
^ 3 1 / 1 
where u is the kinematic viscosity of water. 
3.3.3 Sciinpling Frequency and Measurement Duration Con-
siderations 
Derived statistics f rom turbulent flows depend strongly upon fs and the temporal 
duration of flow measurement (T*^). In marsh system science there is rarely an ex-
plici t consideration of these important parameters, nor a standard fs or adopted 
(this was considered briefly in § 2.6). The major i ty of investigations have taken 
measurements wi th apparently scant consideration of the influence which sampling 
duration has on the stationarity, thus validity, of their derived velocity statistics. 
Perhaps because there is l i t t le clear published guidance, a wide range of sampling 
durations have been used in studies of marsh hydrodynamics (Table 3.4). The 
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S t u d y / A u t h o r / . ( H z ) 
Pope (pers. comms) 25 150 
Friedrichs (2000) 15 30 
Leonard and Reed (2002) 4 - 5 60 
Neumeier and Ciavola (2004) 16 - 25 3 0 - 5 0 
Neumeier and Ciavola (2004) 17 - 25 31 - 50 
Graham and Manning (2007) 25 180 
Leonard and Luther (1995) 5 600 
GhisaJberti and Nepf (2002) 25 600 
GhisaJberti and Nepf (2004) 25 600 
Table (3.4). Sampling frequency { f s ) and samphng duration (Tm) for selected 
studies of marsh hydrodynamics 
preference for low sampling frequencies and durations in Table 3.4 generally re-
flects instrumentation sampling limits and time constraints that result f rom using 
single, point sensors to obtain vertical profiles in dyneunic environments. For real 
progress in the understanding and analysis of turbulent flow over marsh surfaces and 
vegetation-flow interaction, i t is crucial that results are comparable between stud-
ies. Given the variability in sampling frequency and duration, and the paucity of 
reported confidence intervals, valid comparison between existing studies is difliicult. 
To estimate the optimum fg, the highest frequencies of motion wi th in the flow, 
associated wi th vortex shedding in the lee of vegetative elements near the bed are 
estimated in Table 3.5. Shedding frequencies ( / „ s ) in Tables 3.5 are calculated as a 
function of mean velocity {U\) and a characteristic stem diameter of the vegetation 
(d) using the empirically determined Strouhal number, as a first approximation: 
5 = 4 ^ = 0 . 1 9 8 ( 1 - ( ^ ) ] 
Ui 
(3.4) 
Tables 3.4(a) and 3.4(b) illustrate the observed shedding frequencies f rom the 
studies of Nepf (1999) and Poggi et ad. (2004). These results show qualitative sim-
ilarity to fyjs calculated for this study (Table 3.4(c)) although Ui in Nepf (1999) is 
in excess of the expected current velocities to be obtained in this study. 12 Hz is 
the maximum estimated shedding frequency, but shedding at smaller length scales 
from vegetative elements such as leaves wi l l promote higher / „ 5 than predicted. To 
capture all relevant scales 32 Hz is used as the A D V sampling frequency throughout 
this study unless otherwise indicated. 
To estimate the optimum T^, convergence to temporal stability is assessed. 
Long term flow measurements (0(40 mins)) were obtained in the vegetated flume 
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(a) Shedding frequency 
from Nepf (1999) 
D /„^(0 .055) 
0.006 1.83 
(b) Shedding frequencies from Poggi et al. (2004) 
D / „ , ( 0 . 1 4 7 ) /t;5(0.186) / , , (0 .207) /va(0.232) / „ , ( 0 . 2 4 9 ) 
0.004 7.35 9.30 10.35 11.60 12.45 
(c) Shedding frequencies estimated for the present study 
D fvsiom) /v . (0.1) /t,.(0.15) / . . (0 .20) /t,.(0.25) fvs(0.30) 
0.005 0.40 2.00 4.00 6.00 8.00 10.00 12.00 
0.006 0.33 1.67 3.33 5.00 6.67 8.33 10.00 
0.007 0.29 1.43 2.86 4.29 5.71 7.14 8.57 
0.008 0.25 1.25 2.50 3.75 5.00 6.25 7.50 
T>ble (3 .5). Predicted shedding frequency (fvs) as a function of mean velocity 
[Ui in m s~\ bold numbers in brackets on top row) and characteristic obstacle 
diameter (D, in m, down left-hand column) from Nepf (1999) (3.4(a)), Poggi et al. 
(2004) (3.4(b)) and the present study (3.4(b)). 
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z/h = 0.166 2/h = 0.515 
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1500 3000 
F i g u r e (3 .15) . Illustration of time series convergence to long-term rms value for 
u \ f , u^f and uifu^f at two elevations within the canopy. Dashed vertical Hne indicates 
measurement duration of 600 seconds. 
near the bed {z/h =0.166) and within the densely vegetated centre of the canopy 
(z/h =0.515). Opt imum are estimated as the shortest possible sampling du-
rations to achieve stable flow statistics (e.g. wi th in ± 5 % of the long term value). 
Figure 3.15 illustrates the convergence of flow statistics to stability and is taken 
to be 600 seconds. 
3.3.4 Mesisurement Location 
Al l hydrodjmamic and suspension concentration measurements wi th in the canopy 
are obtained at x =2.5 m. This represents the position at which the velocity field 
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reaches stream wise equilibrium with the cauopy (i.e. SU\\Sx ^ 0 and variations 
in the flow field can be considered as only functions of z). This was checked by 
measuring vertical profiles at a number of stream wise position through the canopy 
unt i l the change between profiles was negligible. 
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3.4 Artificial Vegetation 
Vegetation mimics, with varying degrees of realism, have been used by a nuinber 
of investigators. Mimics are t j i^ ical ly deployed in situations where use of real veg-
etation is not feasible due to growing season constraints, l imited availability, the 
need for experimental manipulation of, for example, stem density beyond naturally 
occurring l imits, or risk of environmental degradation from vegetation harvesting. 
Baptist (2003) and Pluntke and Kozerski (2003) used plastic aquarium plants and 
Bouma et al. (2005a) and Bouma et al. (2005b) have used cable ties and bamboo 
canes to mimic SpaHina anglica. Most notably, Nepf (1999) and Ghisalberti and 
Nepf (2002, 2004), used dowel rod and polythene strips to mimic the seagrass Zostera 
nortelli. The use of artificial vegetation requires that the mimic has close dynamic 
and geometric similarity to the prototype in order that flow modifications induced 
by the mimic are similar to those created by flow interaction with real vegetation. 
Ghisalberti and Nepf (2002, 2004) were careful to match the Elasticity Modul i (E) 
of the polythene strips to that of natural Z. nortelli to ensure dynamic similarity. 
In the present study, experiments have been conducted year round and over 
long durations. Consequently, the use of real vegetation would have placed severe 
hindrances on the t iming and duration of the laboratory experiments. Convenientl}', 
Spartina has a relatively simple morphology making i t an ideal protot^q^e to mimic 
(Figure 3.16). Typical cylindrical stem diameters are in the rangeof 3 —8 mm, total 
length is typically < 0.40 m and there are approximately 5 leaves, w i t h each blade 
approximately 10 x 100 mm, attached to the stem some 50 — 80 mm from the soil 
surface. 
Before the mechanical behaviour of vegetation can be characterised and mimics 
constructed, a caveat or two about representing real vegetation w i t h models are 
required. Vegetation is a classic 'natural ' composite, different tissue types and fibre 
orientations combine to give the vegetation its structure and flexural rigidity. Even 
for a single species, a wide variation in response to imposed loading is to be expected 
due to the structural 'non-uniformity' of the material. The capacity of biological 
materials to change their properties through growth confers a spatial and temporal 
heterogeneity to the mechanical behaviour of a plant body (Niklas, 1992), and the 
bulk behaviour of the whole structure transcends the behaviour of its constituent 
parts. These composite materials are sophisticated in their properties and possess 
high degrees of mechanical versatility and complexity. Consequently, this makes i t 
diff icul t to quantify the behaviour of the structure in terms of a single parameter (e.g. 
E). Subtle variations in the dimensions, growth state and water content of 'similar' 
plant materials can lead to divergence in estimations of such singular properties, yet 
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F i g u r e (3 .16) . S.anglica above- and below-ground biomass morphology. Dashed 
line indicates approximate bed level. Above ground biomass has an approximate 
height of 37 cm 
these metrics are required in order to match material properties between prototype 
and mimic. 
To estimate the Elasticity Modul i {E) for anisotropic natural materials, the re-
lationship between r,- (imposed stress) and St (resulting strain) must be empirically 
determined. A response envelope to imposed loading has been derived for prototypi-
cal S.anglica stems and leaves using a 3-point flexural test wi th an I N S T R O N ™ 4 3 0 1 
and 500 N load cell. Similarly the response envelope of potential stem mimics - a 
range of plastic tubes - and leave mimics - plastic sheeting - which ini t ia l ly appeared 
to have similar flexural properties as the prototypes was determined in the same way. 
3.4.1 Test Procedure 
Six complete S.anglica plants (including both above- and below-ground biomass) 
were collected and tested wi th in 24 hours to ensure freshness. The samples were 
prepared by: 
• Rinsing to remove sediment and algae. 
• Removing roots (at the top of the rhizome sheath which is marked in Fig-
ure 3.16) w i t h a scalpel, 
• Dissecting leaves at the junction wi th the stem, and cutt ing them into 100 mm 
lengths, 
• Dissecting stems into two 100 mm lengths. 
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F i g u r e (3 .17) . Stress (r,):Strain (st) response diagrams for S.anglica stems ( A ) 
and mimics ( B ) and S.anglira leaves (C) and mimirs ( D ) . Due to the instiiimnit 
noi.se in C and D . linear interpolations for S.anglica leaves and mimics are presented 
in E and F for clarity. The red boundaries illiLstrate the envelope of response of 
prototypical vej^etation and aid comparison Ix'tween prototyjx' and potential minnc 
l l i ; i t r r i ; i l s . 
Both stem .samples and two randondy ch<)s<'n leaves from each of the six plants 
were chosen to undergo flexural testing. Twelve 100 nun plastic tubes and twelve 
10 X 100 mm strips of plastic sheets were also tested. The INSTRON''''^* 4301 test 
cell was traversed through the sample at 5 m m s"^until either sample failure, or the 
limits of instnnnent motion, were attaine<l. 
3.4.2 Dynamic Similarity 
Figure 3.17 illustrates the initial linear response of prototypical and mimic stems 
and leaves to imposed loading. An estimate of E for each sample is derived from 
these linear stressistrain relationships and are presented in Appendix B (Table B . l 
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and B.2) which also show the maximum load sustained by the samples before plas-
tic deformation. I t is immediately obvious f rom Figure 3.17 B that the plastic 
stem mimics have a wide range of flexibilities and can withstand both much greater 
imposed loads (up to 3 times) and much lower loadings than the vegetative stem 
samples (Figure 3.17A). I t is unlikely, either in the lab or the field, that S.anglica 
stems would experience the magnitude of stress imposed during this testing (to con-
textualisCj Boiler and Carrington (2005) have shown that individual marine macro-
algae wi th in dense canopies on high energ}' wave exposed rocky shores generally 
experience a peak force loading of less than 1 N ) . For the leaf samples the strain 
response was at the l imi t of the load cell sensitivity (hence the stepped nature of 
the stress:strain plots in Figure 3.17 C and D ) . The response of the major i ty of the 
plastic sheeting is w^ell below the prototypical response envelope indicating tha t they 
are prone to flexure at lower loadings than the prototypes. The higher sustained 
loads of the prototypes is a consequence of the composite leaf structure. Approx-
imately 5 'ribs' run in parallel along the principal axis of a leaf, giving the leaf a 
'scored' appearance and conferring considerable resistance to flexure. The rigidity 
of the rnimics was enhanced by scoring the plastics parallel to their major axis. This 
enhances the r igidi ty sufficiently to exhibit response in only 5 out of the 27 samples. 
These five samples are presented in Figure 3.17 D . To derive the E estimates (refer 
to Appendix B, Table B.2) a linear least squares regression was performed through 
the raw data in Figures 3.17 C and D . The fits are sho^\ni in Figure 3.17 E and F 
and the gradients of these linear fits are used to estimate E. 
Based upon a comparison of mimic E values and averaged prototypical E values 
(Table 3.6) and a visual check of the location of a mimic sample in the response 
env^elope of the prototj 'pical samples, dynamically similar mimics for this study 
have their stems constructed from 6 mm external diameter semi-rigid nylon tubing 
{E= 0.83, max. load = 6.59 N) and leaves constructed from polythene sheeting 
{E= 0.043, max. load = 0.054 N) . 
E inaxLoad (N) ^maxload ) 
Prototypical Stem 0.935 0.351 2.44 1.07 
Prototypical Leaf 0.04 0.125 0.02 0.06 
Table (3 .6) . Mean and stajidard deviation E and maximum sustained loading for 
prototypical S.anglica stems and leaves. 
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F i g u r e (3 .18) . Horizontal obstruction density (left) calculated from lateral images 
of canopy (right). Canopy height is estimated as 21.55 cm 
3.4.3 Geometric Similarity 
The plastic stem mimics (length 100 mm) and the plastic sheets (10 x 100 mm) were 
assembled so as to visually mimic the typical morphology of the prototype. Mimic 
leaves were attached to the nylon tube stem mimic wi th hot-melt glue. Figure 3.18 
provides a lateral digital image of mimic vegetation secured in a 12 mm thick plex-
iglass base plate. Additionally, in Figure 3.18, the horizontal obstruction presented 
by the vegetation at multiple vertical intervals has been calculated. Xeumeier (2005) 
has shown that % obstruction calculated in this way is a good proxy for biomass 
and the vertical distribution can be used to determine the canopy height. Canopy 
height (/i) is estimated as 21.55 cm. 
3.4.4 Canopy Construction 
Individual vegetation mimics are mounted in 30 cm long perspex baseplates (having 
the width and curvature of the channel bed, Figure 3.19 A ) in a staggered grid 
formation to minimise wake sheltering (Figure 3.19 B ) . Such sheltering effects are 
strongest and persist for the greatest longitudinal spacing when elements are aligned 
(Nepf, 1999). The mounting of the canopy in the flume is described in § 3.2.1.2). 
The mimic density is fixed at 1000 stems m~^. 
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F i g u r e (3 .19) . Lateral \ \vw of 1 sfx t ion of miiiii<- ( aiiopy iiistalh'd in jxTsprx hax' 
plate ( A ) and a sclirniatic illustratin<; the stag^2;orf<l «rri(l plant ing ' format ion of the 
canopy, d = stem diameter (6 mm) , AS = inter element spacing (30 nnn) . 
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3.5 Optical Backscatter Sensors 
Vertical profiles of suspended sediment concentration wi t l i in the flume are moni-
tored wi th a vertical array of 8 Miniaturised Optical Backscatter Sensors (MOBS). 
The sensing electronics are identical to those developed by Bu t t and Russell (1999) 
and which have previously been deployed to monitor surf zone suspended sediment 
concentrations. A schematic of the array and an indication of the vertical position 
of the sensors is given in Figure 3.2. The cross sectional area of suspended part i-
cles governs their scattering efficiency, so the response of OBS sensors is effectively 
proportional to particle cross sectional area per uni t area. Optical backscatter in-
tensity may be related to the instantaneous suspended sediment mass concentration 
with proper calibration. Calibration of the 8 MOBS sensors has been performed 
wi th natural intertidal sediments obtained from Blaxton Marsh up to 1000 mg L " * . 
Table 3.7 provides the hnear model coefficients f rom a least squares regression of 
the calibration data for each sensor to convert f rom voltage to sediment concen-
tration (mg L~^) . However, the sensitivity to the size distribution of particles in 
suspension has been demonstrated both theoretically and empirically (refer to Fu-
gate and Friedriclis (2002), and references therein, for detailed discussion). In sus-
pensions that exhibit time varying size distribution (such as flocculating cohesive 
suspensions) i t is difficult to distinguish variations in the concentration of scatter-
ers f rom variations in the size of scatterers in the magnitude of the OBS response. 
Pairticle variabiUty thus complicates the conversion of backscatter to suspended sed-
iment concentration. Consequently, although reasonable agreement between optical 
backscatter and gravimetric determination of suspended sediment concentration are 
achieved in the calibration, when MOBS data is presented i t wi l l be in the form of 
normalised concentrations, to indicate relative changes in backscatter, rather than 
absolute changes in suspended mass concentration. 
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MOBS m c r2 
1 702.3913 9.06331 0.78 
2 683.4296 8.2515 0.75 
3 683.0466 4.1684 0.8 
4 723.694 3.0192 0.81 
5 631.8738 12.0157 0.79 
6 712.1266 8.4458 0.83 
7 763.6152 6.997 0.78 
8 767.2753 12.9599 0.84 
Table (3 .7) . MOBS calibration coefficients for Unear model {y = mx + c) and 
coefficient of determination (r^) used to convert voltage output of 8 sensors to 
suspension concentration (mg L~^) . 
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3.6 Particle Size and Settling Velocity Estimation 
In the following section a holographic technique developed for automated particle 
size and settUng velocity estimation is summarised. The particles in this partic-
ular study are flocculated cohesive sediments but the same technique for imaging 
and tracking individual particles could easily be appUed to other suspensions. The 
instrumentation and holographic reconstruction procedure are introduced in Sec-
tion 3.6.1.1 and 3.6.1.2. I n Section 3.6.1.3 a robust method is developed to derive 
threshold values for grayscale images, so that binary segmentation can separate set-
tling particles from an image background in a stable and repeatable manner. I n 
Section 3.6.1.4 a further method is developed to identify, size and track particles 
in segmented images over multiple frames in order to accurately estimate particle 
characteristics and settling velocities. High-level automation is a fundamental re-
quirement of this process enabling large data sets to be processed wi th minimal 
user intervention. Automation further ensures a robustness of the derived size and 
settling velocity statistics as human subjectivity in particle identification, sizing and 
settling velocity estimation is eliminated f rom the process. 
There exist several anaJogue or digital floe camera systems that are capable of 
high r^o lu t ion imaging of settlmg particles. A review of state of-the-art systems 
in existence prior to 1996 is given by Dyer et al. (1996). Currently, at least two 
main submersible camera systems exist. These are INSSEV (Fennessy et al., 1994, 
Manning and Dyer, 2002) and INSSECT (Mikkelsen et al., 2004). In the analogue 
INSSEV system, data analysis of settling floes is performed manually, but recent 
eff^orts have been made to derive a semi-automated method for size and settling 
velocity estimation (Manning and Benson, pers. comm.). The data derived f rom 
the digital INSSECT can also be analysed in a semi-automated fashion (Fox et al., 
2004) but both methods require high levels of user interaction. There are also 
at least three laboratory floe camera systems. LabSFLOC (Manning and Dyer, 
1999, Manning, 2004a), which consists of INSSEV's image acquisition apparatus; 
that which is attached to the sedimentation column in the University of Cambridge 
Department of Engineering Sciences (Lintern, 2003, Lintern and Sills, 2006) and the 
settling column and floe imaging equipment at T U Delft . These methods rely on 
video camera systems to image settling particles so generally have a narrow depth 
of field ( 0 ( 1 mm)) . This imposes a l imi t on the number of in focus particles that 
can be encompassed in a single frame and introduces the possibility of serious bias 
in size estimation i f out of focus particles are erroneously measured. 
Fully automated particle identification, sizing and tracking has a number of ben-
efits over non- or paxtially-automated methods. Data processing in this manner is 
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time-efficient, reliable and has high repeatability. Additionally some of the user bias 
associated wi th particle identification and sizing is removed. Further benefits stem 
f rom multiple realisations of individual particles in frame sequences (time stacks) 
which allow qualification of the variability in particle properties to be determined. 
Consequently, error bounds on derived particle statistics can be estimated. Cur-
rently, this is not possible for size ajid settling velocity data manually derived from 
image sequences without subst£int ial ly increasing processing time, a trade-off that 
many researchers would be unwilling to make. Full automation, high resolution par-
ticle sizing over a large depth of field and error bound estimation are three of the 
significant benefits of the system which is described in the following sections. 
3.6.1 In-line Digital Holography 
Digital in-line holography is a proven technique for imaging marine aggregates in-
situ (Malkiel et al., 1999; Watson et al., 2001) and ex-situ (e.g. Sun et al., 2004). 
The benefit over video imaging is in the additional information regarding the 3'"'' 
dimension that holographic images contain. Similarly high spatial and temporal 
resolution imaging to existing video techniques is achieved but over a substantial 
increased depth of field (0(cm)) allowing a larger number of in focus particles to be 
imaged per frame. 
Figure 3.20 A illustrates the typical optical setup for digital inline holography. 
Figure 3.20 B shows the diffraction of a collimated laser source by the edges of a 
single particle. The interference between collimated and diffracted beams creates 
interference fringes on a Charged Coupled Device (CCD) used to record the laser 
intensity fluctuations. The fringes Ccui be reconstructed umnerically to recover the 
position of the scattering source in the 3D space between collimating optics and 
C C D (Figure 3.20 C ) . 
3.6.1.1 Instrumentat ion 
The instrumentation used in this study is the prototype system developed by Dr 
W . A . M . Ninimo Smith at the University of Plymouth to size suspended particles 
in coastal seas. The Submersible Digital Holographic Particle Imager (SDHPI) 
comprises a continuous laser (532 nm, 100 m W ) and collaminating optics in one 
housing and a high resolution digital camera (8 bits/pixel, 1004x1002 pixels, 7.5 
^ m per pixel) in a second housing. Particles pass through the laser beam and 
are imaged wi th in a sample volume of frontal area 7.44x7.44 mm and a variable 
depth of field which is dependsmt upon the separation distance of the two housings. 
Modifications to enable settling velocity estimation for the present study are a) the 
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F i g u r e (3 .20) . Schematic i l lustrat ion of optical setup A . la.Ni i d i f f rac t ion (B) and 
reconstruction ()v<'r a large depth of field (C) characteristic of in-line holography. 
F i g u r e (3 .21) . Stihniersible Digital Holographic Partide Imager niodified for ex-
sitii sanij)ling ( A ) and close-up of x'ttHng column (B) . For scale, the black bar in 
each image is 10() mm in length. 
production of a settling column and floe capture/extraction apparatus to allow ex-
sit u measurements of vertical settling flocculated particulates in a controlled manner 
(Figure 3.21 A and B ) . and b) the development of software for automat (hI extraction, 
sizing and tracking of imaged particles. 
The settling column (Figure 3.21 B ) has internal dimensions of 100x100x1900 
mm wi th sapphire glass optical windows (40 mm 0) located wi th their centre lines 
750 mm above the bed of the cohunn. The SDHPI is mounted on foam supports, to 
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minimise vibration, on either side of the column allowing the beam to pass through 
the optical windows. The separation between SDHPI housings is 134 mm resulting 
in a usable sampling volume of 7.4 cm^. 
Following the laboratory procedure of Manning (2006), a pipette is used to ex-
t ract a sample (nominal volume 22 ml) from turb id source waters (in this study 
the source water is the annular flume discussed in Section 3.2). A plate attached 
to the pipette allows i t to be held in a central position above the settling column 
while particles settle from the pipette to the settling column floor passing through 
the SDHPI sampling volume. Sub-sampling the source water in this manner is 
necessary for three reasons. 1) the current system configuration is too large to fit 
completely inside the flume; 2) settling in st i l l water is required to accurately es-
t imate the settling velocity of flocculated particles; and 3) sub-sampling increases 
the maximum operational turbidi ty that the system is capable of imaging in as only 
a small number of floes settle from the pipette in a steady stream in the centre of 
t l ie settling column. This also reduces the computational t ime that is required to 
process the data as only the portion of the depth of field that contains settling ob-
jects (approximately 20 mm) requires reconstruction (see Section 3.6.1.3 for details 
of processing methodology). 
To reduce instabili ty in the settling column due to turbulence transfer from the 
pipette and to ensure that settling velocities are not adversely aflFected by buoyancy 
effects, a positive density contrast is maintained by charging the settling column 
w i t h water of higher salinity than the source water. A density contrast of 3.4 kg 
m~^ is maintained between flume and settling column for these experiments. 
3.6.1.2 H o l o g r a p h i c R e c o n s t r u c t i o n 
Grey scale images comprising the interference pattern (or fringe) around objects 
w i th in the field of view (Figure 3.22 A ) are generated by the SDHPI. The diffrac-
t ion patterns around objects arise from the interference between the un-scattered 
wave from the laser source and the scattered wave from diffract ion around the parti-
cle (this process has been illustrated schematically in Figure 3.20 B ) . The outline or 
shape of the particle can be recovered by reconstructing the holographic diffraction 
pattern i.e. the intensity of the wavefront at the object. By reconstructing wave-
fronts at various distances through the sampling volume, a single 2D holographic 
image, when reconstructed, gives rise to three-dimensional information about a par-
ticles position wi th in the depth of field. Numerical reconstruction of the entire raw 
image is carried out w i th a Frensel transformation in the spectral domain. This is 
identical to the approach of Milgram and L i (2002) and Sheng et al. (2006). 
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3.6.1.3 Image Segmentation Procedure 
Effective, ful ly automated particle image analysis requires a robust method for select-
ing an appropriate image segmentation threshold so that particles can be successfully 
discriminated from an image background, and then some method for identifying the 
particles and deriving size statistics from them. For the calculation of settling ve-
locities a robust method for identifying and matching particles frame-to-frame over 
multiple frames (i.e. tracking over time) is also required. 
Particle discrimination and sizing is most easily achieved wi th binary images. 
Grayscale images can be binarised to separate objects of interest f rom the back-
ground based on their grey level distribution. The magnitude of the conversion 
threshold obviously dictates the number of objects that wi l l appear in a binaiised 
image, as well as their overall size and shape. Otsu (1979) describes a technique for 
the automatic determination of the conversion threshold based on the intensity dis-
tr ibut ion of an image. This method strives to minimise the interclass variance of the 
black and white pixels. Many researchers commonly apply global tliresholds derived 
using Otsu's technique, which provides satisfactory results for images wi th bimodal 
histograms. This technique is provided as a standard function in the Matlab pro-
gramming environment, which may account for its popularity. For images with near-
or unimodal intensity histograms this method fails, selecting threshold values that 
are too high, thus creating significant noise problems in the resulting images. This 
has implications for automatic particle identification and sizing since discriminating 
real objects from induced noise is non-trivial. In SDHPI raw images (Figure 3.22 A ) 
there are generally low numbers of small particles on a largely uniform background 
resulting in a largely unimodai intensity distribution dominated by the background 
grey level (Figure 3.22 B ) . To successfully segment such images, some authors have 
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F i g u r e (3 .22) . Example Submersible Digital Holographic Particle Imager raw 2D 
image (A) illustrating interference fringes around objects in field of view. In B the 
characteristic unimodal intensity distribution of A is illustrated. 
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F i g u r e (3 .23) . Comparison of automated image segmentation methods. Otsu's 
method (B) and Gradient based approach (B) . 
resulted to manually tuning the value of the conv^ersion threshold - on a 'per image' 
basis - to improve the outcome of image segmentation (Mikkelsen et al., 2004, Fox 
et al., 2004). This, of course, has serious implications for the analysis of images from 
camera systems that capture images at high frequency. 
Modifications to Otsu's method have been proposed by Xg (2006) and alterna-
tive thresholding schemes based on object attributes, which measure the similarit}^ 
between grey level and the binarised image (using shape, texture, edges, number of 
objects or fuzzy similarity) have also been developed. Benson and French (2007) de-
veloped an iterative edge sharpness method, however such object at tr ibute methods 
are computationally expensive since grey scale edges are iteratively compared wi th 
binarised images derived by sequentially incrementing the segmentation threshold 
unt i l maximum coincidence between the grayscale and binary images is achieved. 
For a low number of images that contain a large number of particles, this method 
works extremely effectively. For a large number of images, sparsely populated wi th 
particles this method is not so suitable as i t rapidly increases computation time. 
To counter these issues, Lintern and Sills (2006) developed a simple method for 
automatic threshold selection which seeks a specified rate of change in the number 
of i l luminated pixels wi th increasing threshold value. The threshold is selected to 
coincide wi th the maximum of this rate, i.e. the threshold at which particles begin 
to be separated f rom the background. Figure 3.23 compares the global application 
of Otsu's method and the gradient method of thresholding to an image derived 
by calculating the standard deviation through the image stack which results f rom 
numerical reconstruction of the raw image in Figure 3.22. This process is ful ly 
explained in § 3.6.1.4 step (2). 
The gradient-based approach of Lintern and Sills (2006) is rapid and has been 
adopted here as a test method. Further work is required to determine the very 
best (i.e. robust) thresholding method for SDHPI images. Lintern and Sills (2006) 
proposed a rate of change of 1% as indicative of the optimum threshold. Visual tests 
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on a number of raw images deriveci from the SDHPI suggest this threshold is image 
specific and that an increased rate of change, to 5%. is required. This modified 
rate enables segmentation to distinguish particles from the image background but 
also allows some 'noise' through. This noise is removed in subsequent processing 
steps. Although the rate of 5% is specific to the holocam images, testing on a 
large number of images, each with various degrees of particle loading, has showTi 
that the chosen threshold gradient is constant and is not specific to an individual 
settling experiment. Global thresholding is simple and easy to implement, but a 
good result relies on uniform illumination. In non-uniformly illuminated scenarios 
these methods are prone to failure and locally adaptable methods might provide 
improved results. 
3.6.1.4 Image Process ing Sequence 
The processing steps required to derived particle statistics from a time stack of 
raw interference images are illustrated in Figure 3.24. Important aspects of these 
processing steps are expanded upon below. 
Inputs to the processing software are the raw holograms output from the SDHPI 
system and a file containing the processing parameters (e.g. fraiue numbers to 
process, reconstruction depths etc.). 
Box I These subfunctions are responsible for the reconstruction of an individual 
hologram and the extraction of objects from the image. 
1. 2D grey scale interference images are numerically reconstructed into a 
3D array (1004-by-1002-by-N, where N is the number of reconstructed 
planes) representing the sampling volume. In this study, images are re-
constructed over a depth of 20 mm, 140 mm from the C C D in 1 mm 
increments. 
2. Objects within the whole frame reconstruction are either real particles, 
noise introduced by the instrumentation (intensity variations, dust on 
the optical windows etc.) or produced by the segmentation procedure. 
It is expected that noise should be evenly distributed through the depth 
of field and objects should occupy only a finite depth through the sam-
pling volume. To distinguish between noise and objects in the field of 
view, whole frame particle maps are derived from the standard deviation 
through the sampling volume. Elevated o is indicative of the presence 
of an object. These o maps are binarised, using the gradient based ap-
proach of Lintern and Sills (2006), and noise created by the segmentation 
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Figure (3.24). Flow diagram illustrating the image processing sequence 
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procedure is reduced by median filtering the image (with a 4x4 pixel 
kernel). 
3. Bounding box and object area information from all objects within the o 
map is extracted. At this step no effort is made to distinguish particles 
from noise in the image. Following Maggi et al. (2006), optimal separation 
of objects from the image background is achieved by locally threshold-
ing objects on small subdomains separately from the whole frame image. 
The bounding box information for objects with area >20 pixels (37.3 /zm 
equivalent spherical diameter - see Section 3.6.2 for discussion of particle 
diameter representation) is used as a rudimentary noise filter to iden-
tify particle subdomaiiis (each containing a single object) within the grey 
scale whole frame reconstructed image. For each subdomain, object fo-
cus through the sampling volume is calculated. At the plane of maximal 
focus an in-focus grey scale image of the object within the subdomain 
is extrficted from the stack of reference planes. The in-focus grey-scale 
particle images tend to exliibit strong edges and these small images are 
segmented using a dark-side edge detection method (Benson and French, 
2007). This edge detection thresholding returns visually better segmented 
images for single particles than the gradient-based approach applied glob-
ally in the previous step and, because there is only one particle in the 
subdomain, takes very httle computation time. Thresholding of these 
subdomains tends to fracture apparently single, coherent particles into 
multiple 'bits'. The segmented subdomain is therefore morphologically 
closed using a 2x2 pixel structuring element and remaining speckle noise 
removed by deleting isolated pixels with area less than or equal to the 
structuring element size. All remaining 'bits' in the subdomain are as-
sumed to belong to a single object within the domain which results in the 
subdomain particle bounding box being of similar size to the bounding 
box generated from the whole frame a map. All segmented bits are joined 
by calculating the convex hull of the image - a process which can be visu-
alised as snapping an elastic band around all the bits in the subdomain. 
The area bounded by the convex hull is filled so that £L11 separate elements 
are joined. This process is presented graphically in Figure 3.25. Object 
statistics (bounding box, area, centroid, major- and minor-axis lengths, 
orientation and eccentricity etc.) are extracted from the clean, segmented 
subdomain of the in focus object. This is repeated for each identified ob-
ject within a frame and each is given a unique numeric identifier (Pn) 
which is used in the subsequent tracking of the object. 
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Figure (3.25). Illustration of image processing sequence performed on individual 
particle. An in-focus grey scale particle is shown in (A). Segmentation results in the 
outline illustrated in B since diffraction is influenced by object edges. Morphological 
closure and denoising results in (C) around which a convex hull is fitted (D) and 
filled (E) in order to estimate the projected area of the particle. The scale bar in 
(A) is 250 microns in length. 
B o x I I These subfunctions take the object statistics from each frame and are re-
sponsible for tracking objects over a time stack of frames. 
1. Identified particles are matched over frame pairs (denoted i and i -f- 1) 
for every object in frame i. To begin the tracking process, statistics of 
a particle in the initial frame (Pn.t) are loaded. Logic is used to reduce 
the number of candidate particles (Cn^i) subsequent frame that 
are potential matches between F„,i and Fn,t-t-i- Match potential is based 
upon five statistics: the centroid location and similarities in equivalent 
spherical diameter, bounding box, particle area and major-fixes lengths 
(±10%). The grayscale images of C„,j+i are then retrieved and matched 
to that of Pn,i by 2D grey-scale cross-correlation. Using this method, 
sub pixel accuracy of the particle location in frame i -h 1 with maximum 
correlation to Pn,i is obtained. 
Pn,i+i is then assigned the unique identifier of P„,j. To reduce computa-
tion time, once a successful match of Pn,t-t-i to F„,j has been performed, 
Pn,i-hi is prevented from being a candidate match for other particles in 
frame i. Particle matching is repeated iteratively over a succession of 
frame pairs until a suitable candidate can no longer be matched by the 
combination of logic and 2D grey scale cross-correlation. The matching 
process is repeated using this frame pair protocol for all particles in frame 
i. 
2. The sub-pixel centroid locations of all matched particles in n successive 
frames are sorted into trajectories. Logic is utilised to remove spurious 
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trajectories (further helping to reduce noise from the segmentation pro-
cess). Trajectories that consist of matches over < 3 successive frames, 
that do not descend through the field of view, have framc-to-frame ver-
tical displacement < 1 pixel (i.e. particles with Ws< 0.1 mm s"*) or 
horizontal displacement > 50 pixels (i.e. > 370 fj.m) are ignored. If mul-
tiple trajectories are formed for a single particle (i.e. a particle's true, 
continuous trajectory is fractured into multiple overlapping segments by 
the matching &L tracking process), only the longest contiguous section of 
trajectory is retained. Finally multiple realisations of the same trajectory 
are removed. 
Box I I I This is an intermediate step in which subfunctions for manual observation 
and quality control of particle trajectories can be employed to ensure that 
spurious matches have not survived the preceding automated stages. 
Box r V This subfunction calculates trajectory averaged statistics for the imaged 
particles. These derivations are outlined in Section 3.6.3.. Before this averag-
ing process is outlined, it is instructive to consider how best to represent the 
size of the imaged particles. 
3.6.2 Representing Particle Size 
Of all particle parameters, size is the most commonly measured and is manifest as 
a distribution (by volume or number) or as a statistical representation of the dis-
tribution (such as median or maximum size). The compHcating factor is that the 
definition of particle size is problematic (Droppo et £d., 2005). Obtaining accurate 
sizing information from 2D projections of irregularly shaped 3D objects is a fun-
damental dileimna. This does not have a single solution as 'size' depends strongly 
on its definition, system of measurement and the orientation of objects in the field 
of view. Floe size data is commonly derived from optical techniques that focus in 
a small plane within a much larger measuring volume, which results in a 2D pro-
jection, or a plane slice, through 3D objects occupying the measuring volume. A 
range of parameterisation can be employed to represent particle size but there is no 
universal agreement over which parameter represents size most adequately. 
Existing incarnations of floe meastuing devices based on optical sectioning have 
used a single-dimensional linear characterisation to describe floe size. Fennessy et al. 
(1994) used maximum horizontal diameter (that normal to settling) to characterise 
floe size, chiefly to save time while manually processing many frames (Manning, pers. 
conmi.). An improvement to the methodology was utilised by Manning and Dyer 
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(1999) whereby the axes normal and parallel to settling are measured (defining a 
bounding box for the particle) and a singular 'characteristic size' is derived according 
to: 
Dr = {D^Dyf-^ (3.5) 
Equation 3.5 assumes a characteristic shape for the particles (a square) result-
ing in a square equivalent, area preserving (in relation to the original bounding 
box measurement) size. Typical floe images (e.g. Manning and Dyer, 2002, Maggi 
et al., 2006) exhibit a continuum of characteristic floe shapes from small, compact 
and circular particles through to complex, loosely connected multi-cored aggregates 
with clustered- or branch-like geometry and crenulated perimeters (resulting in high 
porosity) that are far from rectangular. A range of particles imaged by the SDHPI 
during the present study, and showing similar irregular geometry, are illustrated in 
Figure 3.26. Although the measurement of two dimensions allows an aspect ratio to 
be determined {D^/Dy), particle shape (as opposed to elongation) is still diflicult to 
characterise. The notion of a shape-equivalent size, however, is commonly utilised 
to allow comparison of measurements between instruments and of different shaped 
particles. The particles are assumed to have a 'typical' shape (commonly a sphere 
rather than a square) and stereological formulae can then be used to convert the 
measured particle property to equivalent spherical dimensions. 
Plane projected area I^A) is ^ useful measure of particles with complex, irregular 
structure and is easily obtained from 2D digital images by performing a simple pixel 
count.The diameter of a circle that has the same projected area as the measured 
particle is derived thus: 
An important assumption is that the projected area is equivalent to the spherical 
equatorial area (7rr^), i.e. the 2D projection of an object is assumed to be a shce 
directly through the objects centre. D^ is commonly termed the Equivalent Circular 
Area Diameter ( E C AD) , or Hey wood Diameter, and is one of the most widely used 
measurements in image analysis. 
Simple metrics such as Equation 3.5 largely over-estimates the projected area of 
particles. Digital pixel counting enables increasingly accurate PA estimation, as long 
as images can be segmented in a robust msmner, as shown in Figure 3.27. In this 
figure a simple texture set comprising 6 images organised in order of increasing com-
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plexity and decreasing projected area are segmented then sized. Crucially the images 
in the texture set all have the same bounding box (93x93 pixels) and Equation 3.5 
therefore estimates each texture as being equivalent in size despite there being con-
siderable differences in projected area. Since projected area decreases with increasing 
complexity of the texturej E C A D estimates decrease and give an improved size esti-
mation. The result of E C A D estimation using the convex hull approach for particle 
area estimation is also illustrated in Figure 3.27. For highly irregularly shaped par-
ticles (textures 4-6), projected areas are overestimated since the crenulated edges of 
the particles are infilled during the hull fitting procedure. Interestingly, the fitting 
procedure appears to expand the bounding box of the texture set so that E C A D 
estimates are marginally larger than that using Equation 3.5 on textures 4 and 5. 
Laser difi*raction is influenced by the edges of an object, the interior of the objects 
are often observed, after segmentation, as apparently porous (refer to Figure 3.25). 
This is an artifact of the segmentation process and it is not actually possible to say 
conclusively what the internal structure of the flocculated particles is. To use the 
highly fractured images would result in an extremely low estimate of particle area 
(since the particle internal area which is not imaged would be discounted), giving 
rise to very small E C A D estimates. The convex hull approach compensates for this, 
albeit with a loss of information about particle edge roughness/irregularity and a 
i f : 
Figure (3.26). In focus grey scale images, chosen at random from a number 
of setthng experiments to illustrate salient characteristics of flocculated particles. 
Notice the distinctly non-spherical natiue of these flocculated particles. Scale bar 
in lower left is 500 //m in length. 
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slight upward bias in particle area for objects of very complex/convoluted shape. 
E G A D estimates derived using this procedure are denoted ECADconuci and are used 
exclusively in the remainder of this thesis. 
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Figure (3.27). Comparison of size estimates (main panel) using Equation 3.5 
(BoundingBox in figure legend). E C A D derived from estimates (Area in figure 
legend) and ECADconvcx derived from convex hull area {PACONVEX) estimation 
(ConvexArea in figiu-e legend). The top panel illustrates the texture set utilised. 
Panels to the far left and right indicate the binarised texture sets used for P^ and 
^ACONVEX-
3.6.3 Derivation of Trajectory Averaged Statistics 
Characteristics are determined for each realisation of a particle within a sequence 
of frames and the instantaneous settling velocity is determined from the frame-to-
frame centroid displacement between matched particles. Figure 3 . 2 8 illustrates the 
individual particle realisations that form a particles trajectory. 
Following Fennessy et al. ( 1 9 9 4 ) two corrections are applied to this settling ve-
locity data. Firstly compensation for the wall drag induced by the settling column 
is applied (Allen, 1 9 8 5 ) . Secondly the ambient settling velocity (i.e. settling velocity 
in source waters of lower salinity) is calculated. Using a modified Stokes formula 
(Equation 3 . 7 ) , instantaneous effective (or excess) density in relation to the settling 
column water is derived for each independent particle realisation: 
Pe = Pf - Pw = 
(1-K,1 .03)18m 
(3.7) 
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where Wg is particle settling velocity, fj, is kinematic viscosity and g the accel-
eration due to gravity. The ambient effective density of eacli pai ticle (i.e. eff^ ective 
density in the source water) is derived from a knowledge of the density difference 
between the source waters and the density of the water in the settling column: 
Peambient = Pecolumn " Pwdiff (3.8) 
The instantaneous settling velocity is then recalculated using Stokes equation 
with calculated instantaneous ambient effective density from Equation 3.8 to obtain 
the instantaneous ambient settling velocity: 
18^ 
The ambient settling velocity is always marginally higher than the raw settling 
velocity (provided that the settling column salinity is higher than ambient). Equa-
tion 3 . 9 is considered valid for particles with Reynolds numbers up to 0.5. Where 
this is exceeded, application of the Oseen Modification to increase effective density 
is recommended (Ten Brinke, 1994). The modification takes the form: 
PeOsecn = Pcambient (1 + O.lSlbRc) (3.10) 
with Re = P-^^''EC^D^^-r. ^ rpj^ g algorithms developed by Fennessy et al. (1994) 
and further modified by Manning (2004b) are used to calculate individual values 
of floe dry mass, floe porosity and mass settfing flux for each floe within a sample. 
These type of density and mass computational techniques have been applied recently 
by Syvitski et al. (1995) and Sternberg et al. (1999). Floe dry mass is estimated as: 
I ^ E C ^ ^ ^ (3.11) 
6 (Pmo - Pw) 
Trajectory averaged particle properties are derived from the individual realisa-
tions of a particle. For example, trajectory averaged settling velocity is derived from 
the arithmetic average of the instantaneous , ambient settling velocity estimates over 
multiple frames. Confidence intervals, at a = 0.05, of this average velocity are also 
derived. Trajectory averaged particle size is similarly derived from the arithmetic 
average of ECADamvex estimates of particle size for each realisation over the suc-
cessive frames that constitute a trajectory. Confidence bounds for this average can 
also calculated. In the following chapters, when discussmg particle characteristics, 
the trajectory averaged quantities are referred to unless otherwise stated. 
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where p^oi the mean dry density of the mineral and organic components of a 
particle, is estimated as 2256 kg m~^ (Fennessy et al., 1994). Knowledge of the 
volume of sampled fluid extracted from the source waters allows S P M concentration 
to be estimated. First a floe sample is subdivided into size bands of 20 fim bins 
across the range 20:3000 ^m. Total mass per size band is calculated by summation 
of Mfdry over the entire population within each size band. The mass per size band 
is then multiplied by a unit correction factor, which is dependant upon the volume 
of water sampled, to obtain mass concentrations in mg To obtain a mass flux 
estimate, a further multiplication by the average particle settling velocity per size 
band is required. Summation over all size bands allows computation of the total 
mass settling flux for the sample. 
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Figure (3.28). Graphical illustration of particle tracking. A single particle is 
tracked over 11 sequential frames (A) across the field of view (7.44 x 7.44 mm). 
From each particle realisation statistics, such as projected area (B, blue circles) 
are derived. The black dashed line in B is the trajectory averaged particle area 
and the red dashed lines illustrate ±10% of this mean. The individual grey scale 
realisations of the particle are shown in C (the scale bar is 500 fim in length) and 
the results after segmentation, but before particle area is infilled by the convex hull 
fitting operation, are shown in D. 
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3.7 Summary 
In this chapter the experimental protocol for two principal laboratory experiments 
has been discussed. Utilising an aimular flume, Type I experiments are designed to 
observe the clear water hydrodynamic modifications induced by the presence of a 
mimic S.anglica canopy. These experiments consist of 3 replicate vertical profiles 
consisting of 28 single point A D V measurements {fs= 25 Hz, Tm= 600 seconds) 
displaced by 10 mm in the vertical at 2.5 m from the leading edge of the canopy. 
The replicates are displaced cross-stream so that spatial averages can be derived to 
account for flow fleld in homogeneity. Type 11 experiments are designed to examine 
changes in the suspension concentration and particle characteristics using 8 MOBS 
and a novel holographic method for automatically sizing and tracking settling par-
ticles. 
The methodology' for processing raw A D V data has been discussed, principally 
in relation to removing Doppler noise contamination and spurious velocity spikes. 
The combination of Gaussian low pass flltering and 'phase space' despiking has been 
shown to be robust and it is suggested that this be adopted as standard practice for 
the post processing of A D V data. 
The use of vegetation mimics has been discussed and the construction of mimics 
with geometric and dynamic similarity to prototypical S.anglica has been given care-
ful attention. This ensures that laboratory results faithfully represent the response 
that might be expected from a prototj^pical canopy. 
Finally, a novel technique for estimating the size and settling velocity of sus-
pended aggregates has been presented. Particular attention has been paid to the 
non-trivial problem for accurately representing the size of irregularly shaped parti-
cles. The principal processing steps required to enable settling velocity and mass 
settling flux estimates to be derived from holographic sequences of settling particles 
has also been presented. 
Controlled laboratory experimentation has been performed with the best avail-
able facility for cohesive sediment research - a large annular flume rather than a 
small annular, or straight recirculating, flume. It is obvious that this facility is only 
able to mimic fully submerged flows, under steady unidirectionarcurrents. Chap-
ter 2 and casual field observation of marsh systems during inundation show that 
saltmarshes are wave dominated and that the highest flow energies typically occur 
during emergent flows at the beginning and end of inundation. To address this limi-
tation of the laboratory experiments, details have been presented of an instrumented 
low energ>^ estuarine field site from which obser\'ations of mean flow, wave forcing 
and turbulence can be used to assess the validity of the laboratory experiments. 
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Chapter 4 
Laboratory Observation of Canopy 
Flow Structure 
In this Chapter data collected from laboratory flume experimentation, focusing on 
hydrodynamic modifications induced by S.anglica, are presented. § 4.1 reviews the 
experimental setup, which was discussed in detail in Chapter 3; § 4.2 examines 
the characteristic differences in vertical profiles of time-averaged velocity statistics 
between vegetated and un-vegetated flows; § 4.3 examines the spectral properties 
of canopy flow, specifically the validity of isotropic assumptions and the dominant 
scales of motion within the canopy. § 4.4 examines the intermittency of turbulence 
and the role of coherent motions in momentum transfer. 
4.1 Experimental Setup 
As a recap of the experimental setup. Figure 4.1 illustrates the relative positions of 
the two velocimeters used in the experiments presented in this Chapter. A static 
probe was located above the canopy {z/h = 1.4), the highest location at which the 
A D V could be located without interference from the flumes roatating lid, which 
was used to obtain reference information about the flow forcing. A second probe 
was mounted upon a 2-axis (xy) micro manipulator such that it could be traversed 
through the canopy in both the vertical and cross-stream directions. The vertical 
resolution of the measurements is 1cm over the entire channel depth. Measurements 
obtained with both probes are s^Tichronous (to within 0.5 - 1 s) ajid are of 600 s 
duration. The protocol for deriving a single vertical profile, which involves a 180° 
rotation of A D V j at certain locations in the vertical, is outlined in § 4.2. To account 
for temporal and spatial flow inhomogeneity, the double averaging methodology of 
Raupach and Shaw (1982) is employed to produce a single representative vertical 
profile. A triplet of vertical profiles of time-averaged flow statistics (denoted A"", for 
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the imaginary timeseries X) obtained at the same elevation but displaced in y by 
± 3 cm from the flume centerline are used to produce a spatial average (denoted 
( X ) ) . Thus the double average is denoted as {X). Flow statistics derived from the 
reference probe are denoted with the subscript h and those from the movable probe 
with the subscript z. In the following sections, when comparing measurements be-
tw(HMi vegetatcnl and un-v('jz,<'tat<'<l cxperinicnts. all nicasurcni<Mits from ADX'^ are 
normalised by those of AD\'/, to account for instability in the flinne driving nic( h-
anisin unless explicitly stated otherwise. Thcsr normalising values arc present(hI in 
Api)cndix C . 
ADV. 
= 1.14 
f ADV, 
! z / h = 1 . 2 6 
X disp, = 0.95h 
zJh = 1 
ADV, 
= 0 005 
Figure (4.1). S( lu niatic of ADV locations. A fixed (in s,y,z) reference prolx' (il-
lu . s t ia t rd in ird) is located j i h o v r the canopy in the Hume ccntcrlinc O.*).")/; upstream 
of a traversing probe (white). The latter probe is capable of measuring within the 
\« rtic al space of 0.005 < z/h < 1.26 and over the entire chaimel width. Me;»>ui . 
nieMt> in this study are restricted to 3 cross-stream positions y = 18.5, 20.:r) and 
22.2 cm. 
Fxpcriincnts in the annular flume were conductenl under two velocity ranges with 
depth-averaged velocity magnitudc»s of 0.27 and 0.145 m s"* (volumetric flow rates 
of 0.0223 and 0.0121 m^ s~*). Figure 4.2 illustrates the spatio-temporally averaged 
profile of velocity magnitude in the un-vegetated anmilar flume. For z/h > 0.3480 
velocity magnitude is larj^ely constant with re^anl to depth. In the vicinity of the 
b€*d (0 < z/h < 0.3480) there is a conspicuous increase in nmgnitude. Such increas(»s 
have been observed previously in experiments with annular flumes (Jonsson et al., 
2006) and are thought to be a consetjuence of the helical flow structure that exists 
in such curved channels where U2 can be a large percentage oiU\, thus contributing 
significantly to the calculatetl magnitude. In this experiment, U2 is 10.2% of U\ for 
an R P M of 2.38 and 12.5% of Z7, for an R P M of 1.42 in the near bed region compared 
to 6% and 7% at z/h = 0.9698. Velocity measurements have not been conducted 
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Figure (4.2). Profiles of double averaged velocity magnitude (( |U|)) within un-
vegetated annular Hume under two separate lid rotation speeds. Dashed horizontal 
lines indicate the confidence intervals (at a = 0.05) for the calculated magnitude 
but, in all cases, arc smaller than the coloured markers used. Since the error bars 
are x-axis symmetric and have caps (i.e. they look like a captial H), small error bars 
for the velocity magnitude appear as vertical lines. 
for z/h < 0.0696 due to bed interference with the velocimeter's sampling volume, 
but it is assumed that reduction in magnitude at z/li < 0.0696 is located within 
the boundary layer (which occupies the region 0 < z/h < 0.1160). A boundary 
layer thickness of 0.025 m (0.0S3/7) is in agreement with the apparently compressed 
boundary layers observed by Jonsson et al. (2006) in annular flumes of Plymouth 
Marine Laboratory and Southampton Oceanography Centre (0(0.01m)). Jonsson 
et al. (2006) conclude that such boundary layer compression, relative to strictly 2-
dimensional flow, is a consequence of the secondary flows that develop in the curved 
channels of annular flumes. 
The narrow confidence intervals in Figure 4.2 are a result of using fully converged 
time series and, as the intervals are smaller than the marker sizes, confidence interval 
limits are left out of all subsequent plots unless explicitly stated otherwise. 
4.2 Modifications to Time Averaged Flow Prop-
erties 
A single vertical profile of stream wise velocity obtained at y = 20.35 cm with 
vegetation in the flume is illustrated in Figure 4.3 A . To obtain a complete vertical 
profile the ADV has to be rotated through 180° which is graphically illustrated in 
Figure 4.3 B . There is a clear discontinuity, in the region 0.6543 < z/h < 0.7935 in A 
between the profiles obtained with the A D V in a downward looking configuration. 
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and those in the sideways and upwards looking configuration (which show good 
agreement with each other). Such a discontinuity is not evident in the profiles 
of Figure 4.2 and it is clearly not a consequence of sensor misalignment as the 
discontinuity is still evident in vertical profiles of velocity magnitude in Figure 4.3 
C . Average velocity diff'erences in the discontinuity are 0.05±0.015 m s~^ between 
downward and sideways looking probe configurations and are consistently obser\'ed 
in all velocity profiles within the vegetated flume, but not the un-vegetated flume 
(refer to Figure 4.2). 
U.I (ins-') 
Figure (4.3). Example vertical profile of (fJi,;) (m s"*) taken ett y = 20.35cm 
and RPM=2.38 (A), correspondiug ADV orientations of downward, sideways and 
upward looking in relation to stream wise current (B) and \(Uz)\ (Panel C ) for each 
z/h location measurement. 
Although the flume forcing is not strictly constant, Figure 4.4 A illustrates that 
the velocity above the canopy decelerates by only 0.01, 0.004 and 0.003 m s"* over 
the duration of measurements with the downward, sideways and upwards orientated 
probe respectively. These decelerations are insuflficient to cause the 0(0.05 m s~^) 
discontinuity observed in Figure 4.3 and correction via normalization with the ve-
locity above the canopy (Figure 4.4 B ) yields no improvement. Possible mechanisms 
for this discontinuity are explored later in this section. 
The reason for the discontinuity between the lower and upper parts of the profiles 
will be discussed towards the end of this chapter. To compensate for the velocity 
diflference between the downward, sideways and upward orientated measurements, 
replicate observations at the same elevation in the region 0.6543 < z/li < 0.8956 
are averaged to smooth the transition between downward and upward orientated 
observations (Figure 4.5 A) . The uncertainty in the mean estimates of flow prop-
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Figure (4.4). Variation of reference velocity against normalized height of moving 
probe (A). For all measurements denoted by ec|uivalent colour the annular flume is 
maintained at a "constant' motor frequency while measurements with the moving 
probe are obtained. As each blue circle indicates a 10 minute time average, clearly 
current velocity is not constant over time as there is an evident deceleration as 
distance from the bed is increased. B illustrates the result of normalising the profile 
from Figure 4.3 C by reference probe measurements. 
ert i^ in the region 0.6543 < zjh < 0.8956 are larger than elsewhere in the profiles 
due to this averaging procedure ajid, in the following sections of this Chapter, the 
interpretation of structure in this region is treated with caution. Vertical profiles of 
velocity statistics presented in the remainder of this Chapter have undergone this 
averaging procedure, unless explicitly stated otherwise. 
Figure 4.6 A follows the protocol of Widdows and Brinsley (2002), Romano et al. 
(2003), Graham and Manning (2007) and Widdows et al. (2007) and contrasts the 
double averaged velocity profiles of bare and vegetated experiments under constant 
flume R P M . The change in the form of the velocity profile from un-vegetated to 
vegetated conditions is conspicuous. The vegetated profile exhibits a pronounced 
inflection located in the region 0.79 < z/h < 0.84. Velocity within the vegetative 
canopy (0.31 < z/h < I) is significantly reduced (by between 35 - 95%) and, 
similarly, within the stem region a velocity reduction of 88 - 90% is observed. 
It should immediately be obvious, however, that the depth integrated velocity 
is 710^  equal between un-vegetated and vegetated experiments in Figure 4.6 A . In 
other words the volumetric flow rate after introduction of vegetation to the flume 
is reduced by 0.013 m^ s-\ from 0.021 to 0.008 m^ s"^ Despite the constant 
flume R P M between the two experiments, the introduction of vegetation reduces 
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Figure (4.5). Illustration of profile smoothing to minimize velocity discontinuity 
in vertical profiles. A shows raw profile with discontinuity. Dashed ellipses illustrate 
the adjacent points which are averaged to form the profile in B . 
the velocit}' in the whole flume such that the two experiments are not comparable 
and the apparent velocity reduction is an overestimation of the actual reduction 
which would be observed if the volumetric flow rates were identical. Figure 4.6 B 
illustrates the results of an alternative protocol which matches the canopy entrance 
velocity (i.e. | U | at x = -0.10. y = 0.15 and z = 0.07 m) for both the un-vegetated 
and vegetated experiments to ensure volumetric fiow rate equality between the veg-
etated and un-vegetated flume. Vegetated experiments are conducted at a flume 
R P M of 2.38 while un-vegetated experiments are conducted with a reduced R P M of 
1.42. Volumetric flow rates are 0.008 and 0.011 s~'. which although not equal, 
is certainly a marked improvement upon the discrepancy illustrated in Figure 4.6 
A . After addition of vegetation to the flume the resulting velocity profile exhibits 
a marked reduction of velocity for z/h < 0.9142 and an increase in velocity for 
z/h > 0.9142 relative to tiie un-vegetated profile. Witliin the vegetation the current 
velocity is reduced by between 20 - 90%. Above the canopy, current velocities are 
accelerated by between 10 - 79% of the un-vegetated profile. The most striking 
feature of the vegetated velocity profiles is the strong shear in the mean stream-wise 
velocity ( ^ ) that develops between 0.8 < z/h < 1.2 creating an inflection in the 
profile. Figure 4.7 illustrates the similarity betw e^en the vegetated velocity profiles 
obtained during this study and those from a wide range of other published studies 
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Figure (4.6). Comparison of vertical profiles of velocity magnitude obtained un-
der constant flume RPM (Panel A, RPM=2.3S) and approximately equal volumetric 
fiow rates (Panel B , RPM=2.38 for vegetated (green circles] and 1.42 un-vegetated 
experiments [blue circles]). Confidence intervals at q = 0.95 are illustrated as hori-
zontal lines (refer to Figure 4.2). 
of vegetated aqueous flows. There is generally reasonable agreement between the 
current study and previous published observations on the form of the velocity pro-
file through vegetation. Interestingly there is very good agreement for flow above 
the canopy with the laboratory data obtained in a straight, recirculating laboratory 
flume by Ghisalberti and Nepf (2004) despite the fact that the current experiment 
utilises an annular flume with no free surface. Within the canopy itself there is 
considerable variation in normalized flow velocities which is hardly surprising given 
the range of canopy forming species, architectures, velocity measurement and aver-
aging procedures utilised. However, the general form of time averaged canopy flow 
structure is coherent across all the studies presented in Figure 4.7. That is, there 
is a strong attenuation of velocity within the canopy and, in a number of cases (in-
cluding the present study), an apparent near bed velocity maxima. The data from 
the experiments presented in this Chapter exiiibit considerably lower velocities in 
the region 0.3 < z/h < 0.7 than in the other studies in Figure 4.7. This may be a 
direct consequence of morphological differences and. in particular, vegetative den-
sity in this region. Above the canopy, velocity is accelerated and the combination 
of fast flow above the canopy and slow flow within, leads to the 'inflected' profile 
of time-averaged flow characteristic of flow through submerged vegetative canopies 
(Raupach et al., 1996). hi Chapter 2 the concept of 'skimming flow' was discussed in 
§ 2.2.1 and has been used by a number of authors to explain the ele\ated velocities 
at 2 > /i and the inflected mean velocity profile observed in flow through vegeta-
129 
2.5 
2h 
1.5 
Bapti5t(2003)a 
aaptisU2003)b 
Bapttst(2003)c 
Shi St al (1995)3 
Shieto!(199S)b 
Ghlsalbeni ond Ncpf (2004)a 
Ghisalbcfti and Ncpt <2004)b 
Ncumetef (2004)a 
Neunicier(20O4)b 
Nepf and VMum (2000)a 
Ncpf and Vivonni (2D00}b 
Present Study 
6** 
0.5 1 1.5 2 
U,{z)/TT,(l.)«ri(U)|(2)/|lJJ(l.) 
2.5 
Figure (4.7). Comparison of a number of published velocity profiles (U\(z)/U \ {h)) 
from emergent, depth-limited and fully submerged canopies with velocity profile 
(|<U)| ("2)/ |(U>| {h)) obtained during the present experiment. 
tion. There can be no argument that in confined channel flow, the canopy' acts like 
a semi-permeable obstruction to the flow, to maintain continuity of volumetric flow 
rate upstream and downstream of the canopy, flow is indeed reciuired to accelerate 
above the canopy. However, recourse to the 'skimming flow' phenomena glosses over 
the complex d^Tiamical interaction between canopy and flow field which is crucial 
for understajiding flow-sediment interaction processes occurring within the canopy. 
The exact form of the vertical profile of time-averaged velocity obtained in veg-
etated flows is strongly dependent upon both the density and vertical distribution 
of canopy forming elements. Canopy architecture dictates the obstruction which a 
specific canopy presents to the flow. Figure 4.8 illustrates the relationship between 
canopy obstruction density (refer to § 3.4) and the resulting vertical profile of cur-
rent velocity magnitude. In the region 0.116 < zjh < 0.44 velocity magnitude can 
be inversely related to obstruction density by a simple linear approximation (r^ = 
0.86), not shown here. Similarly, for the region O.603 < 2 / / 1 < 1, an inverse linear 
approximation holds (r^ = 0.97). Close to the bed. in the stem region of the canopy, 
where obstruction density drops off in comparison to mid canopy, the magnitude of 
the current velocity picks up by approximately 2 cm s"' in comparison to current 
magnitude at z/h = 0.4 to form the near bed velocity maxima. The drag imparted 
to the flow by the vegetative elements creates the strongly inflectal velocity profile 
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Figure (4.8). Relation between vertical variation in obstruction density created 
by tiie mimic vegetation (calculated from lateral digital images of mimic canopy and 
illustrated as black, open circles with dashed line) and vertical profile of streamwise 
current velocity (illustrated as solid green circles). Horizontal dashed lines sepcirate 
the canopy into stem region (0 < z/h < 0.35), canopy crown (0.35 < z/h < 1) and 
above canopy (z/h > 1) space. 
observed in Figures 4.6 B and Figure 4.8. The region of inflection, and consequently 
strong shear, exhibits a pronounced peak in (TKE) (Figure 4.9) which is defined: 
(4.1) 
where p is the water density 
At z/h = 0.8, {TKE) in the vegetated experiments is 15 times that observed 
under un-vegetated conditions. This {TKE) peak decays with descent into the 
canopy. Near the bed, {TKE) in the un-vegetated case increases with proximity to 
the boundary. The presence of vegetation initiates a percentage decrease in {TKE) 
from 14.81% at z/h= 0.4 to 66% at z/h = 0.051. Such a relatively small reduction 
in (TKE) in the region 0.4 < z/h < 0.2 is suprising given the large reductions in 
velocity magnitude illustrated in Figure 4.6 B and Figure 4.8 between z/h= 0.6—1.2. 
Time averaged profiles of canopy flow properties, such as stream-wise velocity 
and the Turbulence Kinetic Energ^ ,^ give an incomplete picture of canopy dynam-
ics since turbulent flows are inherently intermittent. Time-averaged quantities will 
be heavily weighted by the duration of quiescent periods in the flow. Figure 4.10 
A illustrates the variation around the mean stream wise velocity profile presented 
previously in Figures 4.7 and 4.8. These quantities have been normalized by the 
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Figure (4.9). Comparison of vertical profile of velocity nonnahsed T K E from 
un-vegetated (blue) and vegetated (green) experiments. 
friction velocity at the canopy top. defined as U*{h) = y/(\yTi^ti^f{h)\). It is clear 
that the mean is composed of both instances of slow e^r velocities and instances of 
faster velocities over the whole depth. Velocity variance is larger in the faster flows 
above z/h = 0.7 than it is deeply within the canopy towards the bed. Fast, inter-
mittent contributions to the mean velocity are responsible for the most exaggerated 
shear at the canopy top and, within the canopy, the greatest increase in near bed 
secondary velocity maxima. Conversely, for 0.2 < z/h < 0.75 the mean velocity can 
be observed to, intermittently, tend to 0 and even reverse in direction. Figure 4.10 B 
illustrates the case of time averaged vertical momentum transfer within the canopy. 
There is a clear peak in the region of z/h = 0.8 and the magnitude of momen-
tum transfer strongly diminishes with descent into the canopy. The mean case can 
be resolved into extreme cases of both upward and downward directed momentum 
transfer. The local increase in velocity in the near bed velocity maxima observed in 
the mean stream-wise velocity, coupled with downward-directed momentum transfer 
which diminishes with depth, suggests counter-gradient momentum transfer in the 
region 0 < z/h < 0.4. 
The possible reasons for {TKE) similarity in the near bed region between veg-
etated and un-vegetated flows (Figure 4.9) as well as the peak in both Turbulence 
Kinetic Energy' and momentum transfer in the vicinity of z/h = 0.8 will now be 
explored. Despite the extremely low mean velocities within the canopy, wake shed-
ding around the vegetative elements strongly augments turbulence intensities (Fig-
ure 4.11 A ) . The region 0.2 < z/h < 0.8 exhibits strong fluctuations in all three flow 
components in comparison to the local mean flow velocity, with ufy and exhibit-
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Figure (4.10). Profiles of time averaged stream wise velocity (A) and shear .sir.» 
(B) normalized the friction velocity at the canopy top. The influence of increasingly 
intermittent contributions to tin* mean quantities are indicated by the ±1 . 2 and 3 
standard deviations al)()Ut the mean. 
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Figure (4.11). O h s J T v e d i)rofiIc> <.t (Lnihlc ave raged' (A) .standard deviation of w/, 
[im-vegetated values are contrasted in blue], (B) Reynolds stress [solid circles] and 
correlation coefficient [open squares], (C) skewness of u/, and (D) integral length 
scales of w/, (computed as the product of { / l a n d the time to first zero-crossing of 
t h e uf, auto correlation function) normalized by t h e canopy height. 
133 
ing the strongest intensity of fluctuations which peak at approximately z/h = 0.4. 
Turbulence intensities are significantly elevated within the canopy in comparison to 
un-vegetated flow. This zone of the canopy is densely vegetated by both stem and 
leaf elements (it has the highest obstruction density illustrated in Figure 4.8), is 
quiescent (in the sense of low mean flow created by increased drag) yet the small 
scale turbulence is elevated because the vegetative elements act much like a grid, or 
mesh, shedding instabilities into the mean flow. The higher intensities in uf\ and uf2 
than in w/3 are suggestive that turbulence within the canopy is far from isotropic, a 
topic that will be further covered in § 4.3. 
Figure 4.11 B shows that shear stress peaks strongly at z/h = 0.8 indicating 
strong coherence in — w/iW/3 at this location. Similarly, -vJiitJ^ (omitted here for 
clarity), peaks at the same location. Such peaks have been linked to instabilities shed 
from the inflected velocity profile at the canopy top which result in coherent vortex 
trains that propagate across the interface between the canopy and the free stream 
above (Raupach et al., 1996. Ghisalberti and Nepf. 2002). Peaks in both ~ur[vJ^ and 
—uf\uf2 indicate that the vortices travel not fully inline with the dominant stream 
wise flow, but have a slight cross stream tendency, which is a possible consequence 
of experimentation in a curved channel. The inflected velocity profile and the stress 
peaks generated can be considered absolutely characteristic of canopy fiow. Notice 
that the peak Reynolds stress and {TKE) in Figure 4.9 occur at z/li = 0.8 not 1. 
This indicates that the canopy top, as 'felt' by the flow, is some 4 cm lower than 
determined from lateral digital photographs of the mimic canopy in § 3.4. Without 
visual confirmation it cannot be conclusively shown, but it is hypothesised that the 
flexible fronds of the canopy top become increasingly bent over under the imposed 
flow forcing, thus reducing the apparent canopy height. There appears to be a 
threshold forcing which is exceeded during measurements with the downward looking 
probe, but not during the measurements with the sideways or upwards looking probe 
which causes an apparent flattening of the canopy and a reduction in total canopy 
height from that estimated from digital photography in Figure 3.18. Figure 4.4 A 
illustrated that the flume forcing during measurements with the A D V in a downward 
looking configuration was marginally greater than with measurements with the A D V 
in other orientations (the velocity difference is approximately 0.3 cm s~*). This is a 
consequence of unsteadiness in the motor control and drive train. This may explain 
the discontinuit}' observed between profiles obtained with the downward and upward 
looking probe configurations. 
The correlation coefficient, shown in Figure 4.11 B, is a measure of the efficiency 
of turbulence in transferring momentum relative to the absolute amount of turbu-
lence present. In a constant stress layer, the correlation coefficient takes a value of 
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approximately 0.3 (Kaimal and Finnigan, 1994). Here, a value of 0.55 is reached 
at z/h = 0.8 which indicates that turbulence at this position is very efficient at 
the downward transfer of momentum. With decreasing z/h the transport efficiency 
decays rapidly as {—vJivJ^ decreases much more rapidly than a^^ or a^g- ^^^^ 
the majority of momentum is absorbed within the region 0.4 <z/h< 0,8 so that the 
stress at the bed is essentially zero. At z/h= 0.8 turbulence is dominated by coher-
ent vortices that are capable of transferring momentum from above the canopy to 
within it, as they pass across the canopy top. As has been previously indicated, this 
process is characterised by high intennittency. The velocity skewness (Figure 4.11 
C ) illustrates that with penetration into the canopy a^^ tends to increasingly pos-
itive values, peaking at 0.51 at z/h = 0.7, while tends to increasingly negative 
values, peaking at —6.5. This combination of strong positive ufi skewness and strong 
negative u/3 skewness indicates that the turbulence in this region is dominated by 
intermittent, downward moving bursts. This motion is best visualised as high ve-
locity eddies sweeping downwards into the canopy from above. Interestingly, in the 
vicinity of the bed the skewness of u/i and vJ^ change sign (although with admit-
tedly smaller magnitude than at z/h = 0.7), indicating a propensity to intermittent, 
upward moving ejections of fluid. To get some idea of the principal length scales 
associated with the turbulence within the canopy, Eulerian integral length scales 
have been calculated for stream wise (AyJ and vertical (Auj) components in Fig-
ure 4.11 D . These length scales have been derived from the first zero-crossing of the 
respective time series autocorrelograms (to derive an integral timescale) and then 
the application of Taylor's hypothesis of 'frozen' turbulence to these time scales to 
estimate length scales. Although the turbulence intensity within the canopy is high, 
<^ui/Ui does not exceed 0.7 so, although at the limit of applicability, the substitution 
X = tU\ is a reasonable approximation ^ A ^ and are good indicators of the 
eddy sizes that dommate the turbulence spectrum in the ^energy-containing' range. 
Figure 4.11 D illustrates that at around z/h « 1, A ^ ^ 0.6 - 0.7/i and A^j^i O.l/i 
indicating that the dominant length scale is set to approximately the canopy height. 
Given that the actual canopy height is smaller than initially estimated, the true 
length scale relationship to cemopy height should be in the region of approximately 
Mil § 4.3, TVirbulence Kinetic Energy dissipation is estimated spectrally and Taylor's hypothesis 
(x^Ut) is similarly invoked to con\'ert from frequency to wave number space. Taylors hypothesis 
assumes that the properties of eddies remain unchanged with advection past the sensor such that 
A ^ ut. If turbulence intensity is high, these assimiptions are invalid. Although within-canopy 
turbulence is high, the implicit assumption herein is that it is x-alid to use Taylors hypothesis based 
upon the observations in Figure 4.11 A, i.e. that o^jU\ < 0.7 and since Stiausen and Sundby 
(2001) have shown that in the absence of mean flow, Taylor's hypothesis can be considered valid 
even when o^,JlJ\ — 1 
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OAh for Au, and Au, of approximately O.l/i, so the estimates from the length scales 
in Figure 4.11 D are the correct order of magnitude. The turbulence intensity, shear 
stress and eddy length scale decay with penetration into the canopy and proximity 
to the bed, illustrated in Figure 4.11. This decay indicates that the coherent vor-
ticity generated at the canopy top, with the possible exception of the most extreme 
events, does not fully penetrate to the bed. The most striking feature of all the ver-
tical profiles presented thus far is the extreme vertical inhomogeneity in all velocity 
statistics and the pronounced intermittency that characterises the flow field. 
4.3 Spectral Properties of Canopy Turbulence 
To explore the dominant energetic time (and length) scales within flow vegetated 
by Spartina anglica, this section utilises spectral analysis. Figure 4.12 contrasts the 
three components of velocity spectra at z/h =1.2, 0.75 and 0.15 between vegetated 
and un-vegetated conditions. As expected, in all spectra, there is more energy in the 
stream wise component than in the cross stream or vertical. In the un-vegetated flow 
there is a prominent peak in En{ki) at A;i = 1 rad m"^ which is associated with a 
slight imbalance in the annular lid. This imbalance periodically forces the flow within 
the flume. The cross stream and vertical components don't appear to be so strongly 
affected. In the range 10 < ki < 50 rad m~^ the un-vegetated spectra are markedly 
flat indicating a good separation of integral scales at low wavcnumbers from the 
small, turbulent scales at high wavenurabers. Because of this separation, there is 
unlikely to be significant interaction eff"ects on the small scales of fluid motion from 
the motions generated by the imbalance of the annular Ud. Beyond wavenumbers 
of 40 rad m"^ both Eu{ki) and £^(A;i) exhibit convergence to similar magnitude 
and for fcj > 100 rad m"* both components decay at a rate of k^^^^ characteristic 
of the inertia] subrange. The good collapse of Eu{ki) and E22{ki) over this range 
suggest that the intensities of the turbulence at these length scales are similar in the 
stream wise and cross stream orientations. £ ' 3 3 ( ^ : 1 ) exhibits lower power, indicating 
that the intensity of fluctuations in this orientation are less than in the horizontal. 
For z/h =1.2 and 0.15, E33{ki) decays at a substantially faster rate than k^^^^. 
The dissimilarity in energy levels between E2^{ki) and the other components is 
strongly suggestive of anisotropy, the implications of which are discussed further 
below. Velocity spectra from the vegetated experiments (Figure 4.12 B , D and F ) 
exhibit some striking contrasts with the spectra from the un-vegetated experiments. 
Principally these diflferences are that dominant spectral peaks are shifted to higher 
wavenumbers with descent into the canopy, suggesting that the scale of vortices 
within the flow is reduced, and that energy levels are equal to, if not higher, those 
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observed in the un-vegetated experiments despite the significant decrease in mean 
velocity initiated by the presence of vegetation. 
K-imi,iti.)ii of the < l i>Mi ) ; i r ion i^itr m incut -rctionx of tin- ( " h i i p t r r r.Miinir 
a w e l l - d c f i n t H l inertial subrange from which to estimate spectral slope. In isotropic 
turbulence spectral ratios should be 4:3 between £'ii(A'i) and £ ' 2 2 ( ^ * 1 ) and likewise 
between Eii(k\) and E33(A'i) (Frish, 1995). Figure 4.13 illustrates the spectral ratios 
for the component spectra presented in Figure 4.12. It is clear that although the 
spectral ratios are closely approximated in the un-vegetated spectra, over the wave 
number range 200 < A', < 2000 rad m- ' . for £'22(A'i)/En(A:i)or £33(^1)/Eu(ki) 
the ratio is not achirvcd. This is due to the strong dcxay in E^sik^) observed in 
Figure 4.12 and which results in si^nilicant (l('i)artnr«^ from isotrojA'. The veg(»tate(l 
spectra, for z/h = 0.7 demonstrate a close approximation to isotropy with both 
^22(^1)/Eii(ki) and E^^iki)/Eu(ki) nearing 1.33 over the wave number range 40 < 
A'l < 100 rad m~'. In all other cases it seems that anisotropy prevails, which is 
consistent with the findings of Finnigan (2000) and Raupach et al. (1986). 
It is to be expec^ted then, that with this marked anisotropy and violation of 
Taylor 's hvpothcsis within the c-fuiojn-. s p c H trally derived dissipation rates should Ix' 
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Figure (4.12). Comparison of velocity spectra as function of wave number in 
un-vegetated (A. C and E ) and vegetat(Hl (B ,D ,F) flows at z/h =1.2 (A and B) . 
0.75 (C and D) and 0.15 (E and F ) . Isotropic turbulence should satisfy the relation 
£'ii(Ai):(3/4)£'22(Ai):(3/4)£'33(Ai)= 1. Black, vertical bar illustrates confidence in-
ter\'al at o - ().!)',. 
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Figure (4.13). S I M U H I h\'u» f.»r lomponcni ^pectra presented in Figure 4.12 
at z/h = 1.2 (A,b), 0 . 7 5 (C ,D) and 0 . 1 5 ( E , F ) . The horizontal red line indi( aT. ^ 
£'^(A•,)/£:„(^-l) = 4/3. 
error prone. However. Doron et al. (2001) has shown that even in turbidence with 
sui)stantial anisotropy, the inertial (lissij)ati()n mothod «;ivrs rca.sonable estimates to 
the dissipation rate. Zhu et al. (2(X)Gl)). experimenting in an atmospheric canopy 
flow, demonstrated that dissipation rates estimated in this manner are between 
2 and 4 times greater than correit values of ciiscadin^ energy. In other words, 
dissipation rates are over-estimated but remain within an order of magnitude of the 
correct values. The discrepancy is associated with anisotropy and because the energ\' 
cascmie in the inertial subrange contributes only a part of the total dissipation in 
canopy flows - the other contribution is by spectral short-circuiting as in § 2.2.4. 
Despite ihex- (oiKcrns Figmc 4.14 illustrates the vertical variation in Turbident 
Kineti( Energ\' dissipation rate and Kolmogorov length scale for flows within the 
bare and vegetated flume experiments. Dissipation rates within the tmvegetated 
flmne (Figure 4.14 A ) are small (2 - 4x10"^ m ' V ^ in the region 0.2 < z/h < 1) 
although there are increases of up to 5 - 8x10"^ m"^s"^ in the near bed, and 5 -
11x10"^ m"^s"^ in the near lid region of the flows. Consetniently the estimate<l 
Kolmogorov length scales (Figure 4.14 B ) are typically 80 - 100 //m decaying to 60 -
70 /im near t he bed and lid for u/] and u/2- Since u/3 exhibits the smallest dissipation 
rate, the Kolmogorov length scales are 2 .5-3 times greater than those of u/i and w/2 
(which largely exliii)it balanced dissipation rates) reaching maxima of ap|)roximately 
1 • 10 
1 4 
1 
0 8 
0 ^ 
0.' 
0 2 l 
1.4 
1 2 
1 
0 8 
0 6 
0 4 
0 2 
50 100 
(7)(«10*m 
200 0 0.2 
(r/) I M i n i ) 
0 3 
1 4 
1 2 
1 
0 8 
0 6 
0 4 
0 2 
0 
1.4 
1 2 
1 
0 8 
0 6 
0.4 
0 2 
- " 0 
0 4 
Figure (4.14). Vortical variation of spatially averaged T K E dissipation rate, esti-
mated by inertia! suhraii^o tit to component uf,. for un-vegetated (A) and vc-;* !atcd 
(C). Panels B and D ilhistrate the estimated Kolmogorov length scale of the flows 
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260 fim between 0.6 < z/h < 1. Vegetated flows exhibit extremely large dissipation 
rates (Figure 4.14 C ) in comparison to those estimated for the un-vegetated flow. 
Peaks of up to 159.86, 180.8 and 50x10"** m~^s~^ in dissipation rates estimated from 
ufi, ui2, and ut^ can be observed in the region 0.5 < z/h < 0.9, which corresponds 
with the vertical location of maximally concentrated small scale vegetative elements. 
Despite the low flow magnitudes in this region, the dense mass of fine leaves and 
stems is extremely effective at 'chopping' the flow into very small scale eddies, hence 
the large dissipation rates observed. The dissipation rate estimated from 11/2 is 
typically 10 - 60% greater than that for uf\ indicative of the largely horizontal 
orientation of the eddies shed in the wakes of the vegetative elements. Kolmogorov 
length scales associated with the large dissipation rates observed in the vegetated 
flow are typically 30 - 40 /im for XLt\ and w/2 where the estimated dissipation peaks 
(0,5 < z/h < 0.9)5 increasing up to approximately 52 /xm in proximity to the bed 
and lid of the flume. Due to its significantly lower dissipation estimates, the vertical 
component of velocity exhibits Kolmogorov length scales that are 0.8 - 2.5 times 
those from ufx and w/2 in the region 0 < z/h < 0.56. 
The inflected velocity profile and peak in Reynolds stress observed in § 4.2, 
which hints at coherent vorticity at the canopy top, is indicative of a mixing layer 
as suggested by Raupach et al. (1996). The frequency of the Kehin Helmholtz 
instability can be related to the momentum thickjiess of the mixing layer (denoted 
0 ) that develops as a consequence of the shear between the retarded within-canopy 
flow^ and the accelerated above-canopy flow (Ho and Heuerre, 1984): 
/ K , Y = 0 .032( | ) (4.2) 
U is, with reference to Figure 4.15, the arithmetic average of Ui and and 0 
is defined by 
- / : f ^ ( ^ ) dz (4.3) 
(Rogers and Moser, 1994). Using ( |U | ) at z/h = 0.3759 and 1.1647, from Fig-
ure 4.6 B for Ui and U2, !KH can be estimated as 0.0704 Hz. The average Strouhal 
number {St = J K H ^ / U ) of the instability used in Equation 4.2 is in agreement 
with Strouhal numbers for flexible seagrass canopies estimated by Ghisalberti and 
Nepf (2002). Figure 4.16 illustrates the velocity component spectra for various z/h 
ratios in the un-vegetated flume (A - C ) and the vegetated flume (D - F ) . Veloc-
ity spectra are averaged in the same manner as velocity moments reported earlier 
and presented as frequency weighted power spectra, normalised by total variance 
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Figure (4.15). Schematic diagram (from Ghisalberti and Nepf (2002), Figure 1) 
illustrating variables used in estimation of instability frequency. U is mean velocity, 
U\ and U2 are the velocities below and above the profile inflection, tmi and AC/ 
are, respectively, the mixing layer thickness and the velocity difference across the 
mixing layer. 
and plotted as a function of the commonly used dimensionless frequency n = Jz/U 
(e.g. Soulsby (1977)). In this study z is replaced w i^th h for spectra obtained from 
vegetated experiments and U is (U\,h). In this form, the inertial subrange has a 
- ( | ) dependence on n and the non-dimensional frequency indicates the ratio h/\. 
fh'f{ translates to ??. ^ 1.3 and it is possible to observe distinct peaks at or around 
this value of n in both fSuu^/^^ln' / 5 u 2 2 ' / ^ u 2 2 ' Figure 4.16 ( D and E ) . These 
peaks are coherent throughout the full depth of the canopy. However, even a cin-
sory glance at Figure 4.16 (A and C ) , un-vegetated velocity spectra, shows that 
there is significant energ>' in the region 0.3 <n <2 correlated with an imbalance in 
the annular lid. It is impossible therefore to identify (conclusively) spectral peaks 
associated with coherent vorticity generated by the canopy itself. 
The low current velocities observed in field studies of fiow through salt marsh 
vegetation bring into question whether coherent vortex generation at the canopy top 
can occur in prototypical salt marsh canopies. Bearing this in mind, it is now more 
informative to consider dynamics within the lower canopy. It should be possible 
to identify in the cross stream component of flow the shedding signature of small 
scale eddies generated in the wakes of the vegetative elements themselves in the 
region 0 < z/h < 0.5. Here, indicative shedding frequencies (using stem diameter 
as the characteristic length scale) and the depth averaged velocity in 0 < 2 / / 1 < 0.5 
as the velocity scale, are approximately 0.8 - 1.1 Hz. corresponding to n in the 
range of 5.6 - 7.5. Figure 4.16 E illustrates that there is no discernable peak in this 
region. Figure 4.17 A focuses on the crossstream velocity spectra and illustrates, 
with a dark vertical line, the dimensionless frequency fd/U\{z) = 0.21 at which 
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Figure (4.16). F r r i j u r i K v \ v r i n l , t < . , l powrr s ] ) (H tra {fSu,,(f)/cT'^u,^) against lum 
dimensional frcciuency for un-vegetated flows (A C ) and vegetated flows (D F) 
obtained at a constant flume RPM of 2.:is. Slopes of - = arc illustrated for compar-
ison. The vertical solid Hnc in panels D . E . F illustrates the confidence interval {at 
Q = 0.95) for the spectra at a = 0.05. The vertical dashed line on tlx- same |)anrl> 
in(li( ates the position of n = / A / / . 
stem shedding is expec-ted to be observed. It is diflicult to distinguish a prominent 
peak associated with stem scale eddy shedding, though it is tentatively suggested 
t h ( T e is a 'hinni)' in the spectra for z/h < 0.144 in the range 1 < fd/Ui(z)0.2l < 
•i which would c()rresj)()n(l to sheddin*!, from elements with diameters between 6 
and 3nim. and a conspicuous change in slope. The vertical component does not 
illustrate such behaviour (Figure 4.17 B ) since shedding orientation is principally in 
the horizontal. There are three potential reasons why prominent spectral peaks at 
tlic stem shedding frecjmuicy cannot be clearly observed. Firstly, and most likely, the 
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Figure (4.17). C'lossstream (A) and vertical velocity spectra (B) n()riii;ili>«(l 
l)v (•liaraclrii>tic >t('in diainctcr (d O.OOOm) and local mean velocity { ^ ' i ( z ) ) as a 
function of diniensionless fre(|nency. The solid vertical line indicates fd/Ui(z)():2\ -
elemental Reynolds number for the flow in the stem region (which uses rf, the stem 
diameter, iis the characteristic length scale) is low (1G5.11). Zdravkovich (1!)!)7) 
has shown that for single cylinders the Reynolds number requireci for transition 
from laminar to fully turbulent wake occurs in the range 180 400. Nepf et al. 
(1997b) have shown that in multi cylinder arrays, sheltering of downstK am ( ylinders 
may elevate the Reynolds number recjuired for transition to far greater than 200. 
Despite the large turbulence intensities within the canopy in comparison to un-
vegetated flows, wake shedding may be delayed. In other words, the low flow spee<ls 
deep within the canopy are insufficient to generate fully tiubulent wakes around 
the vegetative elements. Secondly, the dense collection of stems and leaves gives 
rise to a nmltiplicity of geometric length scales (Poggi et al., 2004) so that a single 
prominent spectral peak is quite unlikely to be observed. Having said this, there are 
studies that have observed prominent spectral peaks associated with wake shtHlding 
(e.g. Nepf. 1999. Lightbody and Nepf, 2006)). Thirdly, the path length of the A D \ ' 
and the spatial averaging procedure employed to deal \iith spatial inhomogeneity 
may mask the expected peaks. However, individual velocity spectra (prior to spatial 
averaging) do not exhibit pronounccHl |)eaks at, or near to, the calculattxl shedding 
frecjuencv. It is unlikely, therefore, that spatial averaging is preventing shedding 
peaks from being observed. 
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4.4 Quadrant Analysis 
In the following section the structure of flow tlirough S.anglica vegetation is consid-
ered in more detail by using the conditional sampling technique of Quadrant-Hole 
(Q-H) analysis (Willmarth and Lu, 1972. Lu and Willmarth. 1973). This technique 
ha.s h(»en U S C H I exten.sively to cxaiiiinc organi/fHi structun's in atniosphcric canopy 
flows (Poggi et al.. 2004, Zhu et al.. 2006b. Yue et al., 2007) though attention has 
lar«;<'lv been focustxl at c > // and little is known about events occurring deep within 
the canopv. This approach divides a time .scrii's into four quadrants based upon the 
sign of ufi and u/3. Figure 4T8 A illustrates the classical notation. Quadrant 2 
rvrnt^ I / / / , • II and uf^ • I)) .iiv ivi.-nrd to i i> ••i-jrct i( )ns"" and can 1k' v i >U i i i i>«M 1 
low ^|)re(l tlnid inoviin; ui)wai(l> and awav Iri.in tlir l>r<l. (^nadrant I cwnt^ i ///, - 0 
and u/3 < 0) are referred to as "sweeps" and represent fluid with high velocity 
moving downward towards the be<l. Quadrants 1 and 3 are referred to as inward-
and outward-interactions and make only small contributions to vertical momentum 
transfer in comparison to Quadrant 2 and 3 events. Figure 4.18 B illustrates the 
use of a variable sizecl hyperbolic hole region which is use<l to exclude relatively 
quiescent events in order to examine intermitten( y within the flow. The hole size 
A Q2 1 
Ejection Outward 
Interaction 
U - . U - , U . U - , 
u'.o", 
Inward 
Interaction Sweep 
Q3 04 
B Q2 
Q3 
Q1 
|u' uM = constant 
Q4 
Figure (4.18). Schematic diagrani of (juadrants u.srd in Qtiadrant-Holc analysis 
(A) and illii.stration of hyperbolic hole (B) used to exclude events based on \\\v 
magnitude of | M / I U / 3 | . 
(H) associated with the excluded region is defined as 
/ / = | (w^M/3) thresho ld | / |^^^^ | (4.4) 
This definition differs from that used bv W'illniarth and Lu (1972) and Lu and 
Wilhnarth (1973) since the time-averaged stress is used for normalization, rather 
then the RMS velocity. In the following restilts. for clarity, the ran«;e of / / is [ 0 : 1 : 
50]. 
The dmation fraction in (piadrant Q. 1)^^. is the fraction of measureineiits for 
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which a certain threshold level ( / / ) is satisfied: 
OS = iE^^ (4-5) 
where N is the length of the sample and is a conditional sampling function 
defined such that: 
1, if (w/i.ii/a) is in quadrant Q and lu/iTf^al > I'I\ufiufz\ 
(4.6) 
0, else 
For / / = 0 the sum of the duration fractions for the four quadrants (Q = 1 - 4) is 
eciual to 1. 
The contribution of a variable ( / \ ) , e.g. the Reynolds stress or Turbulence K i -
netic Energ> ,^ to each quadrant is defined by the fraction: 
= ^D^H (4.7) 
where ( . . . ) indicates time averaging over the full length of the sample and (.. 
implies averaging over data belonging to quadrant Q. As in previous sections, to 
account for spatial inhomogeneity in the flow field induced by the vegetation, spatial 
averaging of the conditionally sampled quantities is undertaken. Q-H analysis is 
performed on each measurement in the vertical within each of the three vertical 
profiles displaced in the cross stream direction from the flume centerline. The results 
presented are thus double averages over the three measurements at each location in 
the vertical. 
The importance of contributions from each of the quadrants to the momentum 
fliL\ is considered by examining the contribution of each quadrant to the total shear 
stress. Un-vegetated experiments are considered first, then results from the veg-
etated experiments are presented by way of contrast. Figure 4.19 illustrates the 
duration fraction for un-vegetated experiments at four z/h ratios which have been 
identified previously as locations of interest. As expected the duration fraction is 
inversely proportional to / / and dominance of Q 2 and Q 4 events can be observed 
at all z/h, with the exception of z/h = 0.1439 where Q 1 and Q 3 events occur 
more commonly. The duration fraction decay rate is higher for measurements at 
z/h < 0.5615 than for measurements at z/h > 0.5615. By / / = 20 events in all 
quadrants for z/h < 0.5615 have largely all decayed to zero yet at z/h > 0.5615 
events in all quadrants still occur 5 - 10% of the time. The corresponding stress 
fractions are presented in Figure 4.20 and it can be clearly seen that both sweeps 
and ejections dominate the momentum transport, except at z/h = 0.1493 as illus-
trated in Figure 4.19 where interactions (Q 1 and Q 3) are marginally dominant, 
with sweeps being the major contributor at all z/h. 
145 
e—2/h=1 1647 
^— z/h=0 7471 
zAi=0 5615 
zAi=0 1439 
zAi=0 0046 
Figure (4.19). Duration Fraction (D^) for Reynolds shear stress from iin-
vegetated experiments at 4 elevations conditionally sampled on the magnitude of 
the shear stress. 
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Figure (4.20). Stress Fraction (*^-|//) for Reynolds shear stress in un-veget;ii(d 
flow conditionally sam])le(l on magnitude of the sliear stress. 
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Figure (4.21). Duration Fraction {D^) for Reynolds shear stress from vegetated 
experiments at 4 conditionally sampled on the magnitude of the shear stress. 
C2-H anal>sis of vegetated experiments shows some striking differences to that 
in nn-v(M;etate(l flows. The duration fraction is illustrated in Figure 4.21 and the 
innnediately obvious difference is that the decay in duration fraction with decreasing 
zjh at all H. a.s illustrated in Figun* 4.19, appears largely to be reversed. Q 4 events 
<l(.ininat(> very close to bed hut are largely balanced by CJ 2 events at all other 
heights with the exception of z/h = 0.1439 where Q 1 and Q 3 events occur for 
marginally greater time fractions. The stress fractions for the vegetated experiment 
(Figure 4.22) show that the greatest contribution to the Re\'nolds stress comes from 
Q 4 events, followed by Q 2 events, for z/h > 0.5615. 
To better illustrate* the intermittency of events, both and ^ ^ i / / can be 
sunmiexi over all Q. following Shaw et al. (1983). and plotted against / / (Figure 4.23 
A D) . For the im-vegetated experiments it is clear that diminishing height above 
the bed i)rings al)out a reduction in magnitude but an increase in intermittency of 
events which contribute to the Reynolds stress. For example, at z/h = 1.1647 20% 
of the stress is contributed by events that occur for about 40% of the time, reducing 
z/h brings about a decrease in the duration of events that contribute to the s t i e » 
e.g. for z/h < 0.5615. 20% of the stress is contributed in about 20% of the time. 
For the experiments within vegetation Figures 4.23 B and D demon.strate that at 
0.1439 < z/h < 1.647 20% of the stress is delivered in approximately 20% of the time 
(i.e. in these very low flow velocities highly intermittent structures make large con-
147 
V 
0 5 
0.4 
03 
02 
0 1 
Q2 Q1 
z/h=1 1647 
z/h=0.7471 
z i^=0 5615 
z/h=0 1439 
z/h=0OO46 
Figure (4.22). Stress Fraction (4>^|//) for Reynolds shear strr>> in vegetated flow 
conditionally sampled on magnitude of the shear stress. 
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Figure (4.23). Sununation of duration fraction {D^f. A and B) and stress fraction 
C and D) over all Q for un-vegetated (A and C ) and vegetated (B and D) 
experiments against a Hole region (H) of varying size. 
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tributions to the total stress) whereas in close proximity to the bed {z/h = 0.0046) 
20% of the stress is delivered in 30% of the time. 
4.5 Summary 
In this chapter the beha\iour of the artificied S.anglica canopy used in this investiga-
tion has been shown to be similar to prototypical canopies in terms of modifications 
that canopy presence induces in time-averaged velocity statistics. Certainty in the 
abiUties of the mimic canopy to successfully replicate the behaviour of prototypes is a 
prerequisite to understanding the influence that the canopy may have on suspended 
sediment dynamics, which is to be considered in the following Chapter. 
It has been shown that for H/h> 1 the morphology of the mimic S.anglica canopy 
strongly affects the vertical profiles of velocity statistics. The principal result is to 
create strong vertical inhomogeneity in all vertical profiles of derived statistics which 
is closely correlated with the vertical distribution of canopy biomass. Figure 4.24 
indicates the noteworthy observations of canopy flow presented in this Chapter and 
the picture of characteristic properties of flow through vegetative canopies which 
has emerged. Momentum absorption by the canopy is large, and a strongly in-
flected velocity profile develops as a result. In a general sense, within the canopy 
mean streamwise flow speed is reduced producing a fairly quiescent environment in 
comparison to the accelerated flows above the canopy. Many studies have linked 
the inflection of the velocity profile with the generation of coherent vorticity at the 
canopy top which, in turn, dominates momentum and, by inference, scalar trans-
port within the canopy. In flume experiments the inflected velocity profile is fdso a 
consequence of channel bounded flow so strong shears develop at the canopy top. 
In this study, although Reynolds stresses peak near the canopy top, the correlation 
((—ii/iu/3)/((Tu/j c7u/3) ) is liigh - a characteristic of cajiopy flows in which transport 
is dominated by coherent vorticity at 2 = / i - and ^timated shedding frequenci^ at 
the canopy top agree with previous research, the presence of pronounced instabiUty 
in the annular lid prevents a conclusive link between such peaks at the canopy top 
and coherent vorticity generated by instabihty in the inflected velocity profile. It is 
feasible that the peaks in Reynolds Stress and T K E , such as those observed in Fig-
ure 4.11, may therefore be a result of vortex propagation across the canopy top which 
is initiated by the periodic forcing applied to the canopy by the lid instability. It is 
a possibility that these phenomena are associated with the instability in the lid forc-
ing however. Flow throughout the canopy has been shown to be characteristically 
intermittent, even tmder the forcing of constant unidirectional currents. Turbulence 
intensities within the canopy are high, peaking in the region 0.3 < z/h < 0.8, as a 
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Figure (4.24). Schematic illustration of conceptual canopy flow interaction sum-
marising salient observations. 
consequence of wake eddy shedding in the lee of fine vegetative elements which are 
clustered densely in this location. As a consequence of tliis ^chopping' motion in-
duced by the canopy, dissipation rates peak in the same region and the Kolraogorov 
microscale in the crossstream and streamwise components is reduced. Pronounced 
anisotropy in turbulence spectra, and inequality in the estimated dissipation rates, 
suggests a principally horizontal orientation of eddy shedding in the stem region of 
the canopy. Spectra of the crossstream component of flow fail to conclusively show 
a distinct shedding signature, but this seems likely to be a consequence of the low 
flow speeds within the stem region and the multiplicity of length scales generated by 
the vegetative elements. Spectral slopes are, at the majority of elevations within the 
vegetated flow, in excess of theoretical predictions. This is indicative that consid-
erable amounts of energy are shunted from integral to dissipation scales, bypassing 
the Inertial Sub Range, by the presence of the vegetation. Finally, QH analysis 
reveals that sweeping motions dominate momentum transport at the canopy top 
and within the uppermost region of the canopy. Deep within the vegetation, the 
flows are generally quiescent due to the abiUty of the canopy to strongly extract 
momentum from the flow. Ejection-Ukc motions dominate near the bed but appear 
to be extremely intermittent. 
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Chapter 5 
Suspended Particle Characteristics 
The experimental results in this section address the influence that the presence of 
marsh surface vegetation may have on vertical profiles of suspended sediment con-
centration and the size and settling velocity of suspended particles in steady, unidi-
rectional flows. Detailed analysis of suspended particulate characteristics are carried 
out in relation to current velocity, turbulence and suspended sediment concentration 
in order to elucidate possible differences between un-vegetated and vegetated flows. 
5.1 Experimental Setup & Parameters 
A series of laboratory experiments were designed to collect high resolution suspen-
sion concentration, size and settling velocity data at a single, fixed height above the 
bed {zjh = 0.2575) a-t y = 0.15m and x = 2.85 m (i.e. 10 cm downstream from the 
trailing edge of the vegetated test section in the center of the flume annulus). Three 
nominal suspension concentrations of 250, 500 and 1000 mg L~^were sheared at a 
high then a low shear in the un-vegetated flume and then the same experiment was 
repeated in the vegetated flume. The flume, instrumentation and vegetation char-
acteristics (including test section design and layout) has been outlined in Chapter 3. 
The instrument arrangement has been outlined in Chapter 4. In the experiments 
presented in this Chapter the traversable ADV was fixed at z/h = 0.2575. In ad-
dition an array of miniature optical backscatter sensors (MOBS) were located at 
z/h = 0.1531, 0.2575, 0.3805, 0.5385, 0.6845, 0.8677, 1.1090 and 1.3457. Finally 
water samples were extracted at z/h = 0.2575 for size and settling velocity analysis 
using the techniques described in § 3.6. 
The experiments presented in this Chapter are distinct from those presented 
in Chapter 4 because a) suspended sediments are introduced to the flume and b) 
measurements for hydrodynamics and suspended particle properties are made at 
a single height above the bed. The range of experimental conditions (vegetation 
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presence/absence, shear level and nominal concentration) are outlined in Table 5.1. 
The magnitude of the time-averaged current velocity for the high or low shear rates, 
T K E and estimation of the mean dissipation rate and Kolmogorov length scale are 
also presented in Table 5.1. The actual suspended sediment concentration (CMOBS) 
was estimated from a time average MOBS measurement (300s) at z/h = 0.1531 
at the start of each experiment. This is not concomitant with the ADV sampling 
volmne and location of floe extraction due to difficulties experienced with the MOBS 
sensor at this location. 4 out of the 8 MOBS sensors experienced a malfunction 
during experimentation so SPM concentration data presented in section 5.2, has 
sparser vertical coverage than anticipated during the experimental design. 
Before analysing the suspension concentration and particle characteristics data 
in detail, the general trends in the time-averaged measurements presented in Ta-
ble 5.1 require brief discussion. As demonstrated in previous chapters, the addition 
of vegetation to a flow of constant velocity reduces t / j . For the high shear exper-
iments Ui is reduced, on average, by 64% after the addition of vegetation to the 
flow. For the low shear experiments the average reduction in Ui is 67%. Such 
reductions are due to the increased hydrodynamic drag induced by the presence 
of vegetative elements. Wake turbulence generated by the macrophytes increases 
the turbulence intensity in the vegetated experiments by an order of magnitude 
(an average 2 fold increase, regardless of shear level) despite the large reduction in 
mean flow speed. The intensities arc such that the TKE in the high shear vege-
tated experiments is increased by 115, 62 and 4% of the TKE in the un-vegetated 
case. The TKE in the vegetated low shear case midergoes percentage increases 
of 88, 20 and 4% in comparison to the un-vegetated, low shear case. In both the 
low and high shear experiments there appears to be a notable inverse relationship 
between the magnitude of the percentage increase in TKE between un-vegetated 
and vegetated experiments and suspended sediment concentration. This might be 
suggestive of turbulence damping by the elevated suspended sediment load except 
that Table 5.1 shows that TKE in the un-vegetated experiments actually increases 
as the suspension concentration is elevated. For the vegetated experiments TKE 
is largely constant across all three suspension concentrations at each shear level. 
As with the turbulence intensity, the large increases in TKE between un-vegetated 
and vegetated experiments are despite the significant reductions in Ui that the ad-
dition of vegetation initiates. The enhanced turbulence intensities in the vegetated 
flows leads to, on average, a 90 fold increase (at high shear) and, at low shear, a 32 
fold increase in the estimations of the mean IVirbulence Kinetic Energy dissipation 
rate (e) in comparison to the un-vegetated experiments. Such remarkable changes 
in the dissipation rate from vegetated to un-vegetated flows have been shown by 
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Ayotte et al. (1999). The magnitudes of e from the un-vegetated experiments ap-
pear to be larger than values estimated by Ninrnio Smith et al. (2005) in a marine 
boundary layer by between 1 and 3 orders of magnitude but of similar magnitude 
to laboratory measurements reported therein. Dissipation rates for the vegetated 
experiments are 2 - 3 orders of magnitude greater those cadculated by Bryan et al. 
(2007) for a submerged seagrass canopy under the influence of short period, wind 
waves from the vertical velocity component. The modification to e is prompted by 
the fine scale turbulence generated in the wakes of individual canopy elements. The 
Kolmogorov length scale (??), wliich is inversely related to e, exhibits a reduction of 
1/3 on average between un-vegetated and vegetated flows under high shear and 1/4 
under low shear. 
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Vegetation Shear E x p # ^hoBS u r I TKE V 
(mg L - ^ ) (mg L - 0 (m s-*) (N) xlO-'*(mV3) ifim) 
Absent High 1 250 90.01 0.22 0.06 0.16456 4.2925 256.57 
2 500 164.74 0.24 0.08 0.28788 3.8123 264.3 
3 1000 298.36 0.23 0.09 0.33283 2.8184 285.03 
Low 4 250 89.57 0.15 0.06 0.08147 8.8422 214.17 
5 500 164.14 0.16 0.08 0.12632 6.5252 231.07 
6 1000 289.48 0.15 0.09 0.14392 3.5323 269.39 
Present High 7 250 98.59 0.08 0.22 0.35339 337.65 86.154 
8 500 163.38 0.08 0.26 0.46626 441.4 80.572 
9 1000 291.69 0.09 0.21 0.34569 234.94 94.33 
Low 10 250 84.92 0.05 0.23 0.15325 199.41 98.277 
11 500 146.89 0.05 0.23 0.15110 202.3 97.925 
12 1000 268.69 0.05 0.23 0.14943 149.87 105.55 
Table (5.1). Test conditions. Nominal concentration (Cnom); Timo-avcragccl quantities (10 mins): observed concentration (CMOBS), current velocity (Ui), 
turbulence intensity (I), Turbulent Kinetic Energy {TKE), dissipation rate (c) and Kolmogorov length scale (ij) derived from single point measurements at 
z/h = 0.2575. 
* Estimates of the absolute suspended sediment concentration are derived from a 5 minute time average of a single MOBS sensor at z/k = 0.1513 at the start of 
each experiment. 
Notice that the magnitude of Ui is strongly dependant upon vegetation presence (despite specific compensation for vegetative drag by increasing the RPM 
of the vegetated flume. Compensation by RPM adjustment matches velocities at (x.y^z) = (-0.10 m,0.15 m,0.07 m) in relation to the vegetated test section 
between the vegetated and un-vegetated flume. The velocity magnitude measured at (x, y, z) = [2.75 m,0.15 m,0.05 m] in the presence of vegetation is reduced 
in comparison to the un-vegetated experiments because the vegetative test section absorbs momentum from the flow near the bed despite matching entrance 
velocities being imposed. 
e is derived from -5/3 fit to E22(lci) which was shown in Chapter 4 to exhibit the greatest dissipation rates of the three velocity components. 
Since, in Chapter 4, it was shown that the three flow components can have 
markedly different dissipation rate estimates bought about by the pronounced anisotropy 
in vegetated flows, Figure 5.1 compares the dissipation and Kohnogorov length scale 
estimates derived from all three velocity components so that the variation in the pos-
sible values of these quantities can be gauged. Dissipation estimates are lowest from 
n/3 for both vegetated and un-vegetated experiments, resulting in Kolmogorov length 
scales of approximately 400 ^m in the un-vegetated case and between 80 - 184 fim in 
the vegetated experiments. Dissipation estimates from this component, traditionally 
utilised to estimate e from ADV measurements due to its low noise floor, are signifi-
cantly lower than those estimated for the cross- or stream-wise components. Since 
shedding phenomena in the stem region of the canopy are principally orientated in 
the horizontal plane it is unsurprising that these components have higher dissipation 
estimates and this obsen^ation further illustrates the pronounced anisotropy which 
occurs within the canopy. Contrary' to expectation, dissipation rates derived from 
ufi and 11^2 in the un-vegetated experiments, are higher for low velocity flows than 
for experiments at high velocity. This may be a direct consequence of the breakdown 
of Taylor's hypotheses in these situations. Dissipation estimated from uf2 is between 
50 - 70% of that estimated from uf]. There appears to be a general reduction in dis-
sipation rate estimated from w/i and ?i/2 with increasing suspension concentration, 
for un-vegetated experiments, which is more pronounced in the low velocity exper-
iments than those conducted at high velocity. A similar decay in dissipation with 
increasing suspension concentration can be observed in the vegetated experiments, 
however dissipation rates are higher in the high velocity experiments than they are 
in the low velocity cases. As a consequence of the component specific dissipation 
rate Kolmogorov length scales for the un-vegetated experiments are approximately 
400 fim for w/3 (with negligible variation over changing suspension concentrations), 
190-277 fim for u/i and 214 - 285 ^m for uf2. The length scalt^ of the latter two 
components increase with increasing concentration. For the vegetated experiments 
Kolmogorov length scales are 90 - 126 fim for uf], 80 - 105 ^m for 11^2 and 135 - 185 
^m for uf^. Dissipation rate in the vegetated experiments is higher for high velocity 
flows than low and there is a general decrease in dissipation with increasing suspen-
sion concentration with the exception of observations from Experiments 8 and 11. 
The magnitudes of dissipation are 1 - 2 orders of magnitude greater in the vegetated 
flow^s than the un-vegetated flows and consequently the Kolmogorov length scales 
are smaller than in the un-vegetated experiments. Length scales for vJ] are 90 -
126mm, for u/2 they are 80 - 105mm (80-90% of those estimated from u/\) and for 
i£/3length scales are 135 - 185mm. Length scales in un-vegetated flows are approxi-
mately 2.5 times greater than those estimated from u/3 in vegetated flows. Length 
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Figure (5.1), Comparison of dissipation rate (e) and Kohnogorov length scale 
(77) derived from three components of velocity between un-vegetated (A and B) 
and vegetated ( C and D) experiments. Experiment numbers on i-axis correspond 
to those in Table 5.1. Units of dissipation are xl0~''m^5~'* and the Kohnogorov 
microscale is presented in mm. 
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Sample CNORAI ( 2 / / i = 1.1091) 
1 100.3 
2 178.72 
3 135.93 
4 100.65 
5 204.64 
6 194.41 
Tahle (5.2). Time aver-
aged suspension concentration 
{CNORM(z/h = 1.1091) from 
un-vegetated experiments used for 
normalization in Figure 5.2. 
Sample ONOIUI ( 2 / / i = 1-1091) 
7 188.18 
8 160.37 
9 326.67 
10 395.93 
11 293.19 
12 284.43 
T^ble (5.3). Time aver-
aged suspension concentration 
{CNORM{z/h = 1.1091) from 
vegetated experiments used for 
normalization in Figure 5.3. 
scales from uf\ and uf2 are 2.3 and 2.7 times greater in the un-vegetated flows in 
comparison to vegetated. Dissipation rates based on the vertical component, rather 
than vJ2 (Table 5.1) are still an order of magnitude larger than those estimated by 
Bryan et al. (2007). 
5.2 Suspension Concentration Characteristics 
During the entire duration of the experiments outlined in Table 5.1 suspension con-
centrations were monitored at eiglit discrete points in the vertical with MOBS sen-
sors. Unfortunately, four of the eight sensors suflFered serious malfunctions, fully 
saturating during some of the experiments. This malfunction is thought to have 
been initiated by water ingress. The data returned by these sensors is not utilised 
in tliis section. The remaining four, fully functional MOBS sensors are located at 
z/h = 0.1531, 0.5385, 0.8677 and 1.1091 above the bed. These sensors are calibrated 
and despiked in accordance with the methodology outlined in § 3.5. 
Figures 5.2 and 5.3 illustrate the temporal variation in the suspension concen-
tration field within the un-vegetated and vegetated flume respectively. In these 
plots temporally averaged suspension concentration {C{t)) has been calculated from 
5 minute sections of despiked MOBS data over the entire duration of each experi-
ment. To aid comparison, these valu^ have been normalized by the average suspen-
sion concentration at z/h = 1.1091 from the first five minutes of each experiment 
{CNORM{z/h — 1.1091)). These normalizing valu^ are presented in Tables 5.2 and 
5.3. As observed in Table 5.1 the suspension concentrations measured by MOBS sen-
sors are significantly below the nominal concentration ranges which the experiments 
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were conducted under. Sufficient sediment mass was added to the annular ffume to 
generate the nominal concentrations outhned in Table 5.1 but it is evident that the 
time taken to introduce this sediment and spin up the annular fliune (O(20niins), 
refer to § 3.2 for details), to ensure a well mixed suspension, has allowed a con-
siderable amount of material to settle out of the water column. As a consequence 
the starting suspension concentration range for the un-vegetated experiments is a 
104.34 mg and for the vegetated experiments 235.56 mg L " * which are narrow 
in comparison to the nominal experimental concentrations desired. 
Figure 5.2 clearly demonstrates that for experiments at high velocity (Exp 1, 2 
and 3) material is maintained in suspension for considerably longer than for experi-
ments conducted at low velocity (Exp 4, 5 and 6). For example, clearance half-times 
(the time taken for the suspended sediment concentration to reduce to 50% of it's 
initial value) for nominal concentrations of 1000 rag L " ^ at z/h — 0.5385 are 60 min-
utes at high velocity (Exp 3) and 20 - 25 minutes at low velocity (Exp 6). In addition, 
for high velocity experiments this material is generally well mbced throughout the 
water column. For low velocity flows, suspension concentration increases towards 
the bed giving the concentration profiles the characteristic curvature of the Rouse 
Profile. This is particularly evident in Figure 5.2 (Exp 5 and Exp 6). 
In contrast to the un-vegetated experiments, the addition of vegetation to the 
flume (Figure 5.3) appears to promote a) the maintenance of material in suspension 
for significantly longer periods of time and b) a largely uniform distribution of 
sediment in the vertical for both high and low velocity flows. The clearance half 
times for nominal concentrations of 1000 mg L " ' at z/h = 0.5385 (Exp 9 and 11) 
are, in the first instance, greater than 130 minutes (the length of the experiment) 
and 55 - 60 minutes at low velocity (an increase of some 104 - 107%). There is a 
distinct absence of near bed suspension maxima or any evidence of strong sediment 
stratification within the vegetated flows. 
It is unsurprising that fast, un-vegetatcd flows have a more uniform vertical dis-
tribution of suspended sediments and lower clearance rates than their low velocity 
counterparts. What does appear counter intuitive is the observation that vegetated 
flows have apparently lower clearance rates and more vertically homogeneous dis-
tributions of suspended raateriail. To understand this paradox it is important to 
consider the competing influence of current velocity and turbulence intensity. While 
the addition of vegetation to flowing water generally causes a reduction in the veloc-
ity (in which case an increase in particulate clearance rates might be expected as a 
regime conducive to settling is created), wake-eddy shedding around the vegetative 
elements elevates the turbulence intensity. The increased turbulence intensity in 
vegetated flows is responsible for the mziintenance of particulate material in suspen-
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Exp 1 Exp 4 
1.5| 
i 
• 
1 
0.5 
0' 
f 4 
1.5 
0.5 
Exp 2 Exp 5 
t (mm) t (mm) 
0.8 0.6 0 4 0.2 
C(t)/CNORM(z/h= 1.1091) 
Figure (5.2). Normalized suspension concentration fields within un-vegetatrd 
flume. The three rows represent nominal concentrations of 250 mg L ~ ' (top), 500 
mg L " ' (middle) and 1000 mg L ~ ' (bottom). The two colunms represent high 
velocity experiments (left) and low velocity experiments (right). Black dots with 
white circles indicate vertical and temporal location of measurements from four 
working MOBS sensors. 
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Exp 7 Exp 10 
. . . . 
Exp 11 
Exp 12 
25 50 75 100 
t (min) 
25 50 75 100 125 
t (min) 
0.8 0.6 0.4 0.2 
C ( t ) / C N O R M ( z / h = 1.1091) 
Figure ( 5 . 3 ) . Normalized suspension concentration fields within vegetated flume. 
Figiue layout as per Figure 5.2. 
160 
sion. 
5.3 Particle Characterisation 
From each of the 12 experiments outlined in Table 5.1 suspended particle samples 
were obtained using the extraction and sizing apparatus introduced in Chapter 3, 
§ 3.6. Full spectral particle characterisations for each of the individual 12 collected 
samples are presented in Appendix D (Figures D . l - D.12). The data are presented 
in the sample order outlined in Table 5.1. In this section just two of the 12 samples 
of this data are presented (Figures 5.4 and 5.5) to give the reader a flavour of the 
information that can be gained from a full spectral examination of a floe sample. 
Each floe sample is split into a microfloc fraction (ECADconuex ^160 fxm) and a 
macrofloc fraction (ECADconuex >160 ^m) based on the limits identified by Manning 
(2004a). In Figures 5.4 and 5.5 (as well as Figures D . l - D.12) parameters relating 
to the micro floe fraction are illustrated in red and those relating to the macro floe 
fraction are illustrated in dark blue. For comparison, there is also a lighter shading of 
blue that denotes particle sizes >125 /xm which Eisma (1993) considers to represent 
the lower macrofloc limit. In all figures there are 6 panels ( A - F ) which illustrate a 
variety of floe properties in relation to E G A D (in 10 fim bands over the rajige 20-600 
^m), Ws (in 0.5 mm s"* bands over the range 0.2-20 mm s~*) or longest axes (in 10 
fim bands over the range 20-600 fim). Panel (A) illustrates trajectory averaged floe 
settling velocity against ECADconvex] (B) trajectory averaged floe eff"ective density 
against ECADconuei; ( C ) count-size distribution (traditionally termed the Grain 
Size Distribution or 'GSD'); (D) a count-settling velocity distribution; ( E ) size 
band averaged, mass settling flux size distribution and ( F ) a count-longest axes 
distribution. One of the significant advantages of the fully autonomous tracking 
algorithm developed for estimating size and settling velocity of suspended aggregates 
is the multiple particle parameter realisations that are generated over the course of 
a trajectory. These allow the variation in particle parameter (be it settling velocity, 
projected area, effective density etc.) over the particle trajectory to be visualised 
by the computation of confidence intervals for the derived parameters. These are 
displayed in Panels A and B on all full spectral sample figures. 
Figure 5.4 presents data for sample # 3 (No vegetation, high shear, GnOTn=1000 
mg L ' ' ) and Figure 5.5 presents data for sample # 9 (Vegetation, high shear, 
Gnom=1000 mg L ~ * ) . Sample #3 contains 103 individual floes and sample #9 
comprises 450. An obvious bimodality in the size distribution (panel G) is evident 
in both samples. The samples are dominated by the slow settling micro floe fraction 
(>95% by number with an average size of 74.98±4.59 and 63.92±2.39 /im and set-
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Sample a n r2 
1 0.73364 1.1844 0.98771 
2 0.5282 1.2977 0.98315 
3 0.5879 1.2482 0.97995 
4 0.99762 1.0597 0.99477 
5 0.76738 1.1263 0.98424 
6 1.1594 1.0347 0.97536 
7 0.4087 1.3585 0.98225 
8 0.59563 1.2513 0.98899 
9 0.50549 1.2757 0.98219 
10 1.1089 1.0282 0.99259 
11 1.1535 1.0441 0.97246 
12 1.1011 1.0474 0.98302 
Sample a n r2 
1 130830 -1.4757 0.88809 
2 25432 -1.0891 0.81311 
3 190350 -1.6077 0.97971 
4 9336.4 -1.0336 0.79407 
5 287600 -1.6483 0.9304 
6 9809.5 -0.94656 0.94719 
7 246070 -1.7317 0.96981 
8 162600 -1.5433 0.98205 
9 102350 -1.5153 0.93185 
10 77688 -1.463 0.8755 
11 5324.8 -0.89572 0.79435 
12 12437 -1.0079 0.95452 
Table (5.4). Power Law parame-
ters for Ws 
Table (5.5). Power Law parame-
ters for pe = aECAD^^^ 
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10-
^0 
A 
10 10^  10 
ECAD (^ im) convex ' 
- 30 
800 0 
800 
ECAD (^ im) convex ' 
200 400 
Longest axis (urn) 
150 
W (mms ) 
Figure (5.4). ExperimcMit :j floe charac t<Tistirs: (A) VV., /(ECADctmtes) (B) p, 
/(ECADronrejr): (C) Numbcr of particles f {EC AD convex(D) Number of particles 
/(W^): (E) Mass Settling Flux /(ECAD^ontrr): (F) Number of particles /(longest 
axes) black djLshcd vertical line indicates Tj. blue djushcd vertical line indicates nu'an 
macro floe fraction longest axes, green dashed vertical line indicates mean floe size]. 
Red colouration indicates micro floe fraction, blue colouration indicat(*s macro floe 
fraction. Gray error bars in panels A and B indicate ± 1 standard error around the 
trajectory av('ia^<Ml (plantaties. 
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Figure (5.5). Exp»>rinn'nt <) Hoc charju t« ri>tics: (A) /(ECADcornrs)- (B) p, 
f {EC AD convex)' ( C ) Numbor of particles /(ECADcontfx)^ (D) N U I M I H T of particles 
/(\V.,): (E) Mass Settling Flux /(ECADcomex): (F) Number of particles /(longest 
axes) [black dashed vertical line indicates 7/. l)lu<' da.shed vcrtic al line indicates mean 
macro floe fraction lon«;<'st axes. «;rr(>n dashed vertical lin<' indicat<'s mean Hoc si/e . 
Red colouration indicates micro floe fraction, blue colouration indicates macro floe 
fraction. Gray error bars in panels A and B indicate ± 1 standard error around the 
traje< tory averaged quant at ies. 
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10^ 
10' 
10' 
10 
Un-vegetated, high shear 
Un-vegetated, low shear 
B 
10 
E C A D (um) convex ' 
1 0 ^ 0 ' 
Vegetated high shear 
Vegetated low shear 
10' 
E C A D (urn) convex ' 
10^ 
10^ 
10' 
10 
Figure (5.6). Comparison of power law {(iD^^) relations for size band averaged 
settling velocity (A) and effective density (B) between un-vegetated and vegetated 
experiments. In all cases the coefficient of determination (r"^ ) is greater than 0.8 
(refer to Tables 5.4 and 5.5). 
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tling velocities of 0 .58±0.07 and 0.34±0.02 mm s"^ respectively), the remaining 5% 
of the samples consist of macroflocs (average size 241.71±47.88 and 251.30±28.83 
^ni, average settling velocity 1.99di0.67 and 2 .07±0 .32 mm s~*). Common to both 
these samples (as well as all the samples in Appendix D) are the power law relation-
ships illustrated in panels A (a positive relation between floe settling velocity and 
size) and B (an inverse relation between floe density and size). Figure 5.6 contrasts 
these relationships for all 12 suspended particle samples. It is clear that for all sam-
ples there are generally only small differences between the relationships. Settling 
velocity relationships are largely similar (Figure 5.6 A ) , though samples from low 
velocity experiments have a slightly increased range in floe sizes giving the power law 
relationship low-er slope than in the un-vegetated case. There is also a distinction 
between samples from low and high velocity experiments when the effective density 
is considered (Figure 5.6 B ) . Samples from the low velocity experiments generall}^ 
have lower slope than those obtained under higher velocity flows. Tables 5.4 and 5.5 
provide the fitted parameters for the relationships illustrated in Figure 5.6. Powder 
law relations such as those illustrated here for settling velocity and effective density 
are common to floe observations made in a variet}' of environments (e.g. Fennessy, 
1994, Manning and Dyer, 1999, Mikkelsen et al., 2004, Maggi et al., 2006) and can 
be considered characteristic of flocculated particles. 
Despite their infrequent occurrence, observation and characterisation of the macro 
floes is crucial as particles in this fraction are both large in size (thus having a high 
mass content) and fast settling so they dominate the mass settling fliLx (panel E ) . 
Macro floes account for 67% and 88% of the total mass settling flux in Figures 5.4 
and 5.5, respectively. The final panel (F) illustrates the number distribution of 
longest axes within each sample. Superimposed on this final panel is an estimate of 
the Kolmogorov length scale (T]) as a rough indication of interaction between floe 
size and the smallest turbulent length scales which are associated with floe size reg-
ulation (van Leussen, 1997). An indication of the mean floe size of the whole sample 
and that of the macrofloc fraction is also indicated. For Figure 5.4, rj is estimated 
as 449.6 fim and both the mean floe size (86.41±8.59 //m) and mean macrofloc size 
(241.71±47.88 //m) are below this length scale. In the sample from the vegetated 
flow (Figure 5.5 ) the mean macrofloc size (251.31±28.83 //m) is almost 1.5 times the 
estimated Kolmogorov scale (179.23 ^m). It must be borne in mind that ^ is a time 
averaged estimate and that the floe sizes in any sample will not be in equilibrium 
with this averaged quantity, but respond to the strong spatio-temporal fluctuations 
in the flow field. A detailed consideration of the Tj floe size interaction is presented 
in § 5.3.3. Suspended particle sizes for each of the 12 experiments in Table 5.1 are 
summarized in Table 5.6 and settUng velocity and derived mass settling fluxes are 
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presented in Table 5.7. 
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Vegetation Shear E x p # Total particles Micro:Macro EC AD convex EC A Dconvex : MICRO E CA D convex: MACRO 
Absent High 1 98 91:7 69.389 ± 8.975 59.898 ± 6.003 192.770 ± 25.436 
2 205 197:8 83.874 ± 5.581 78.285 ± 4.046 221.520 ± 36.559 
3 195 185:10 79.179 ± 6.836 70.394 ± 3.902 241.710 ± 47.876 
Low 4 313 298:15 87.556 ± 4.495 81.308 ± 3.279 211.680 ± 19.720 
5 185 159:26 102.240 db 8.025 84.352 ± 4.808 211.630 ± 17.915 
6 273 209:64 120.030 ± 10.300 78.342 ± 3.681 256.150 ± 17.526 
Present High 7 194 185:9 72.544 ± 7.397 63.165 ± 3.616 265.320 ± 65.651 
8 197 168:29 95.671 ± 9.838 70.898 ± 4.630 239.190 ± 22.666 
9 822 786:36 69.488 ± 3.519 61.160 ± 2.006 251.310 ± 28.829 
Low 10 151 145:6 74.546 ± 6.534 68.218 ± 4.082 227.460 ± 51.054 
11 254 237:17 80.966 ± 6.298 69.550 ± 3.358 240.110 ± 21.468 
12 671 561:110 111.710 ± 5.346 86.339 ± 2.651 241.120 ± 12.964 
Table (5.6). Summary of particle sizes estimated for experiments 1 - 12. 
E x p # Total particles iVIicroiiMacro C WsC SMICROCMICRO S.MAC RoC MACRO 
1 98 91:7 0.761 ± 0.130 0.655 ± 0.056 2.136 ± 1.704 90.01 108.410 41.374 157.030 
2 205 197:8 0.667 ± 0.088 0.560 ± 0.047 3.300 ± 0.618 164.74 326.840 74.271 252.570 
3 105 185:10 0.676 ± 0.077 0.605 ± 0.060 1.902 ± 0.660 298.36 473.010 183.030 289.980 
A 31 :i 298:15 0.343 ± 0.032 0.298 ± 0.019 1.235 ± 0.347 89.57 75.208 23.825 51.383 
5 185 159:26 0.984 ± 0.113 0.863 ± 0.113 1.727 ± 0.283 164.14 209.740 164.550 135.190 
6 273 209:64 0.850 ± 0.103 0.511 ± 0.065 1.959 ± 0.227 289.48 651.000 61.320 589.670 
7 194 185:9 0.531 ± 0.071 0.460 ± 0.042 1.992 ± 0.962 98.59 198.810 32.440 166.370 
8 197 168:29 1.02 ± 0.107 0.788 ± 0.060 2.362 ± 0.302 163.38 353.160 66.203 286.950 
9 822 786:36 0.472 ± 0.033 0.308 ± 0.020 2.074 ± 0.322 201.60 525.210 00.099 435.110 
10 151 145:6 0.432 ± 0.039 0.405 ± 0.027 1.071 ± 0.711 84.02 61.725 30.237 31.488 
11 254 237:17 0.350 ± 0.054 0.265 ± 0.023 1.534 ± 0.508 146.80 215.200 29.204 186.000 
12 671 561:110 0.815 ± 0.064 0.572 ± 0.032 2.053 ± 0.251 268.60 702.900 71.617 631.280 
Table (5.7). Summmy of particle settling velocities and derived nitiss fluxes for experiments 1 - 12. 
5.3.1 Inter Saiiiph^ Variations in Floe Charactcrist i( s 
Figure 5.7 compares the Grain Size Distributicms (GSD) for the 12 saniph^s. There 
is remarkable similarity in the general shape of G S D - dominance of inierofloes. 
«!,iving the GSD principal modes of between 40 - 90 /xm, and pronounced tails" 
of macroflocs - between the un-vegetated exix rinients (A - B ) and the vegetated 
experiments ( C - D ) . There are subtle differences in the location of secondar\' modes, 
relative frecniency of oceiurence in these modes and the length of maerofloc tails with 
the G S D exhibit, but no striking differenc es between GSD's from un-vegetated flows 
and those from vegetated flows. Thv most obvious differences are the reductions in 
relative frequency of all floe sizes bet we* n the lii^h and low velocity flows both in 
the presence or absence of vegetation. In other words, for un-vegetate! experiments 
the relative fre(|ueiicy of niieroHoc^ is ^n'ater for hi^h velocity flows (A) than for low 
velocity flows (B) . Similarly for vegetated flows, the relative frequency of microflocs 
is lower for the low velocity flows (D) than in the high velocity Hows ( C ) . In the 
vegetated case, however, an exception occurs at a suspension coni entration of 250 
mg L " * where there is a distinct peak in microflocs in the 40-50 //ni si/e ran^e. 
High Velocity Low Velocity 
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2 
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u 2 
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' 
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0 
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lOOOmgL ' 
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ECAD,_ 
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Figure (5.7). Comparison of Grain Size DistributioiLs (relative frcHpiency of oc-
currence against ECADcontcx) for un-vegetated experiments at high (A) and low 
(B) velocity and vetj;etated experiments at high (C) and low (D) velocity OV<T the 
range of nominal suspension concent rat ious. 
To investigate the influence of vegetative presence on the floe size distribution a 
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test to examine the statistical significance of any changes to floe characteristics is 
recjuired. The application of standard AXalysis Of VAriance (ANOVA) is appealing 
because of the widespread use of this technique and its straight forward application. 
However the floe characteristic distributions obtained during this experiment do 
not meet the strict assumptions for the generation of the F-statistic by this test. 
The three principal requirements are that the data is normally distributed, have 
equality of variances (homoscedasticity) between samples and that all samples are 
independent. The floe size distributions are not normally distributed, even after 
L O G transformation they exhibit marked positive skewness (refer to Figure 5.8), 
though this is of low importance for robust ANOVA given the large sample sizes 
obtained (minimum N=98, maximum X=822). All floe samples are independent 
but homoscedasticity assumptions are violated for a number of samples (refer to 
Appendix E ) . These violations pose a significant problem and Rice and Church 
(1998) suggest an alternative test based on to examine significant differences in 
the mean across a large number of non-normally distributed samples. However, both 
ANOVA and its variant will only indicate whether there is a difference in mean 
parameter (whether it be fioc size or settling velocity) across the floe samples but 
cannot indicate where (i.e. between which samples) this difl"erence occurs. 
0.999 
0.997 
0.95 > 
0.90 
0.003'- ECAD__ I0910(ECAO 1  
0.2 0.4 O.E 
Normhwd ECAO. 
Figure (5.8). Probability plot of floe size distributions from Sample #9 (Fig-
ures 5.5) before and after logjo transformation. Size data have been rescaled to 
interval [0 1]. Even after transformation the grain size data exhibits marked depar-
ture from a normal probability distribution (black solid line). The strongly skewed 
^ECADconvtrj: distribution is evident in the strong departure at the distribution limits. 
Further transformation (i.e. double logio) afl'ords little improvement. 
To overcome this limitation, distribution-free toting has been carried out us-
ing a Mann-Wliitney U test to examine pair-wise significant changes in the median 
floe size between the vegetated and un-vegetated flows at each shear and concen-
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tration level. The drawback of such methods is their lower powcT in comparison to 
the ecjuivalent ANOVA. Table 5.8 illustrates that there are significant differences 
between both the median floe size and median .settling velocity in vegetated and 
un-vegetated flows for samples 4 and 10 (250 mg L " ^ high velocity). 5 and 11 (500 
mg L " * , high velocity) and 3 and 9 (1000 mg low velocity). There are no 
significant differences between vegetated and un-vegetated flows at 200 mg L " ^ low-
velocity and 1000 mg L ~ * , low velocity. There is a significant diffcTcnce in median 
.scttlin*; velocity at all concentration and shear levels briwc'en vegetated and un-
ve^<'tate(l H o w s with the ('xcej)tion o f >ami)le> (i and 1*2 ( lOOO m^ L low velocity). 
This comparison suggests that, for low concentrations (up to 500 mg L ~ ' ) and low-
current velocities both median floe size and settling velocity are significantly dif-
ferent between vegetated and un-vegetated flows at a = 0.05. At 1000 mg L 
and under low velocities, there i s no significant (lifl"erence in these characteristics. 
Ili'^li v c l o c i t v at all >n>p<-n>i< MI coiiceiil ra t i o n ^ (•au>e> a ^ i m i i t i c a n t ( l i f i e r e i i c r i n iii<--
(lian settling velocity not fioc size, and only in both floe >i/,e and settling velocity 
at the highest suspension concentration. There is evidently an intcTaction between 
>u>i)eii(le(l sediment concentration, current velocity and the presence or absence of 
vegetation which i s difficult to clearly di.stinguish using such a siini)le pair-wise test 
ius this. 
.After studying Figures 5.4 and 5.5. it should be immediatelv o})\ ions t hat cliai a( 
terisation of a floe size distribution by a single mean or median characteristic (su( h 
ii.s size) is inadetiuate in explaining the subtle variations in floe properti<*s across 
the full size spectra. Splitting the distributions into size fractions (i.e. micro and 
macrofloc) and assessing the change in the fractions over the range of experimen-
tal parameters employ<Hl may prove to be a better method of examining the subtle 
influence that v("getation may have on the spectral distribution of floe properties. 
Figure 5.9 (panels A ^ B ) show the change in mean nmcrofloc and microfloc U', with 
increasing suspension concentration. For the microfloc s<'ttling velocities generated 
under low shear, there are no significant changes with variations in the suspension 
concentration. For the .same flow and su.spension concentrations, microfloc size ini-
tially undergoes a significant increase with a change in suspension concentration 
from 250 to 500 mg L " * , but further increases in concentration prompt a decrease 
in floe size. Significant changes in macroflcK- size cannot be distinguished over the 
same range of suspension concentrations for the un-vegetated flow or vegetated flow 
conditions. It is only at a suspension concentration of 200mg that a signifi-
cant decrease in macrofloc settling velocity can be observed with transition from 
un-vegetated to vegetated flow. Under conditions of low shear (Figure 5.9, panel 
B ) . ma<Tofloc settling velocity increases significantly between suspension concentra-
172 
Median E C A D , Median W. 
Sample Sum of Ranks Z P Sum of Ranks Z P 
1 
7 13388 -1.422 0.1552 18599 6.225 0.000 
4 
10 28879 -4.602 0.0000 43728 6.370 0.000 
2 
8 39078 -0.530 0.5963 46014 5.425 0.000 
5 
11 47764 5.3S1 0.0000 55454 11.240 0.000 
3 
9 116260 4.612 0.0000 126710 7.444 0.000 
6 
12 127560 -0.378 0.7052 123930 -1.334 0.182 
Table (5.8). Pair-wise Mann-Whitney U test to examine significant differences 
in median particle size {DECADconvcx) "^<^ l settling velocity (W^) between paired 
experiments. If the Z statistic does not equal or exceed the critical value or 1.96 
(P < 0.05 critical Z value for a two-tailed test), then the null hypothesis of no 
difference between groups cannot be refuted, i.e. there is no significant difference 
between samples. 
tions of 250 and 500 mg L " ' in the un-vegetated flow conditions, but there are no 
similarly discernable differences between macrofloc settling velocities from vegetated 
flows. There is some evidence for an increase in macrofloc settling velocity in both 
the vegetated and un-vegetated flows at a suspension concentration of 1000 nig L " ' 
in comparison to macrofloc settling velocities at 250 mg in un-vegetated flows. 
The variation in microfloc settling velocity at the low shear condition is opposite 
to that observed at the higher shear in Figure 5.9, panel A. Increasing suspension 
concentration from 250 to 500 mg L " ' initiates a significant increase in microfloc 
settling velocity, but further increases in concentration (to 1000 mg L ~ * ) prompts a 
decrease to a microfloc settling velocity that is not significantly different from that 
observed at 250 mg L " ' . Significant differences in microfloc settling velocity between 
un-vegetated and vegetated flows are only observed at a suspension concentration of 
500 mg L " ^ for the low shear experiments. In this case, the observation in vegetated 
flow is lower than the un-vegetated equivalent. Reducing the shear level (panel A 
to B) , appears to initiate a reduction in settling velocity difference between micro 
and macroflocs across the suspension concentration range. 
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Figure (5.9). Variation in macro (red) and micro (blue) floe population properties 
with increasing suspended sediment concentration (250, 500, 1000 mg L"*from left 
to right on the abscissa). Panels A and C show floe properties at high level shear. 
Panels B and D show floe properties at low level shear. Green colouration indicates 
samples from vegetated conditions. 
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Turning attention to floe size (Figure 5.9, pajiel C ) , macrofloc size does not vary 
appreciably over suspension concentration, or between un-vegetated and vegetated 
flows for suspension concentrations of 250 - 500 mg for the high shear experi-
ments. Only at a the highest suspension concentration is there a significant increase 
in macrofloc size between un-vegetated and vegetated flows. Microflocs increase in 
size with a change in suspension concentration from 250 to 500 mg in both veg-
etated and un-vegetated flows and there is no significant difference in size between 
microfloc sizes in either the un-vegetated or vegetated flows. Further increases in 
suspension concentration do not prompt significant changes in microfloc size. At 
low shear, rnacrofloc sizes increase significantly only after an increase in suspension 
concentration from 500 to lOOOmg In the vegetated flows, at the same shear 
level, there is no discernable change in macrofloc size over the range of experimental 
concentrations. Equally, there is no discernable difference between macrofloc sizes 
between un-vegetated and vegetated conditions across the suspension concentra-
tion range used in these experiments. The sizes of microflocs is constant regardless 
of the suspension concentration for un-vegetated flow. For microflocs observed in 
the vegetated flows, only an increase in suspension concentration from 500 to 1000 
mg results in a significant change in the microfloc size, resulting in larger meaji 
microfloc sizes at the highest concentration. At this low shear, microflocs in the 
vegetated flows are significantly smaller than those observed in un-vegetated flow 
at concentrations less than 500 mg L ~ * . At the highest concentrations, micro floes 
from the vegetated flow increase in size and are significajitly larger in size than mi-
croflocs from the un-vegetated flows. Variations in hydrodynamic forcing will alter 
size and settling velocity spectra. The magnitude of the alterations will depend 
strongly on the intensity of the environmental forcing. For low energy environments 
with a small range of turbulent shear stresses and SPM concentrations, variations 
in environmental forcing may produce subtle changes to size and settling velocity 
spectra that may not be realised as obvious shifts in sample mean particle size or 
settling velocity. The characteristic sub-populations within multi-modal floe sam-
ples may experience the impact of variations in environmental forcing to varying 
degrees and it is therefore conducive to examine the way in which a floe sample 
may be partitioned into the sub-populations of micro- and macrofloc in response to 
changing shear, SPM concentration and vegetative presence. 
5.3.2 Examining Sub-Population Variations 
To examine the possible associations between the imposed experimental parameters 
and the resulting sub-populations, log-linear analysis has been carried out. Such a 
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Shear 
Figure (5.10). Association diagram for log-linear model illustrating the strong 
dependencies that exist between environmental variables and resultant floe sub-
populations. 
technique is a non-dependant procedure for accounting for the distribution of cases 
in a cross tabulation of categorical, or grouped data and allows the associations 
between the experimental parameters of vegetative presence, shear level and SPM 
concentration on the fre<juency of observations of micro- and macroflocs at all lev-
els of possible main and interaction effects to be explored. Hierarchical log-Unear 
analysis begins with the application of a saturated model which contains the 4-way 
interaction and al l lower order interactions and individual terms (therefore, neces-
sarily fitting the observatioiLS perfc^ctly). Backward elimination strips the model of 
interaction terms that contribute little to model power, in an effort to construct the 
most parsimonious formulation. In the case of the floe size and settling velocity 
data presented here, removing lower order interactions from the saturated model 
significantly reduces the fit, i.e. a saturated model is the best fit to the experimen-
tal observations of floe sub-populations. This is a trivial finding in itself for reasons 
highlighted above but consideration of the interactions stimulates some interesting 
discussion. Figure 5.10 graphically illustrates the 4-way interaction and shows the 
strong interdependence highlighted by log-linear analysis of floe sub-population data 
on vegetative presence, shear and SPM concentration. Importantly, the relation of 
floe type (microfloc or macrofloc) frequency observation to vegetative presence or 
absence is not the same for each shear level and SPM concentration. This indicates 
the percentage partitioning of each floe sample into micro- or macrofloc size classes 
is a unique function of the environmental forcing. Because, as it turns out that 
the categorical variables of vegetative presence, shear and SPM concentration are 
not independent (see § 5.1) and the parameter range for the present experiments is 
small, log-linear analysis is not capable of providing more information on the exact 
nature of the relationship between floe type and the variations in environmental 
forcing. 
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5.3.3 Floe Size Regulation: The Kolmogorov Micro Sccile 
The process of flocculation is strongly controlled by ambient hydrodynajnics (refer 
to § 2.4 for details). The magnitude of time-averaged turbulent shear has been em-
pirically shown to impose limits on the size of distribution averaged floe fractions 
(Manning and Dyer, 1999). van Leussen (1997) suggested that the Kolmogorov mi-
croscale (T/), the characteristic length of the smallest eddies in a turbulent flow, is 
responsible for imposing an upper limit on floe size and that if floe diameter should 
exceed rj, floe break up would ensue. Winterwerp (1998) postulated that equilib-
riimi floe size scales with rj and Maggi et al. (2006) demonstrated that mean floe 
size in a laboratory settling column was consistently smaller than TJ. Mikes et al. 
(2004) showed that maximum floe diameters generated in jar tests were strictly lim-
ited by 77, with hardly any floes > rf. Figures 5.11(a) and 5.11(b) demonstrate the 
relationship of various floe characteristic lengths (derived from the present settling 
experiments) with T) to assess the degree to which rf presents a limit to floe size. 
In these figures, TJ is calculated using the dissipation rate estimated from u/2 for 
reasons discussed in § 5.1. The very maximum and minimum possible values of 7? 
computed using dissipation estimates from any of the three velocity components 
(refer to Figure 5.1 for comparison of T; sizes), are also indicated in these figures 
by vertical bars. For the un-vegetated experiments, 66% of the sample mean floe 
sizes (Figure 5.11(a) A ) , 83% of the sample median macrofloc sizes ( C ) and 100% 
of the sample mean macrofloc sizes ( E ) are within or below the specified ranges 
of T}. For the un-vegetated experiments, 66% of sample mean floe sizes (B) and 
sample median macrofloc sizes (D) are within or below the specified TJ ranges. Only 
33% of the mean macrofloc sizes for the un-vegetated experiments (Figure 5.11(a) 
F ) appear within or below the TJ ranges. 100% of seimples from un-vegetated flows 
have median longest axes within or below the i] range (Figure 5.11(b) A ) and 83% 
have mean longest axes within or below the TJ range. It is intuitively satisfying that, 
for the un-vegetated experiments, the distribution averaged macrofloc characteristic 
lengths appear to be limited by T) in the majority of cases, whilst the population 
median longest axes is limited by 7/ in all cases. Relationships between characteristic 
particle lengths and r) ranges in vegetated flows don't appear to show limiting be-
haviour so clearly. Figure 5.11(a) B and D show that 66% of mean floe and median 
macrofloc sizes occur witliin or below the t] range. All other particle length metrics 
(Figure 5.11(a) E and Figure 5.11(b) B and D ) show that only 33 - 50% of the 
samples occur within or below the T) ranges calculated for these flows, T) is reduced 
in the vegetated experiments as per the explanation given in § 5.1 and as might 
be expected all microfloc £md distribution mean characteristic length metrics are 
177 
800 
1 
I 400 
c 
I 200 
800 
1 400 
n 200 
_ 800 
I 600 
3 400 
i 
£ 200 
B 
A 
- - I 
c A 
[ J I J L - J I- - -d _ — — 1*-^ A 
A A A 
4. . L 
4 
, t i . 
800 
600 
400 
200 
0 
800 
600 
400 
200 
0 
800 
600 
400 
200 
200 220 240 260 280 300 70 80 90 100 
(a) Cliaracteristic length metrics are: A - B, distribution mean floe size; C 
D, median macrofloc size; and E - F , mean macrofloc size. 
E 600 
6 200 
n8 200 220 240 260 280 300 70 80 90 
n Oim) n (pm) 
(b) Characteristic length metrics are: G - H, median longest axis; C - D, 
mean longest axis. 
Figure (5.11). Relationship of characteristic length metrics (triangles) for floc-
culated particles with mean Kolmogorov length scale (T/) in un-vegetated (panel 
A , C , E , G and I ) and vegetated ( B , D , F , H and J ) flows. Confidence intervals 
(a = 0.05) shown means (in most cases triangle markers are bigger than confidence 
intervals). Blue dashed line indicates 1:1 relation. Vertical rectangles indicate pos-
sible Kolmogorov length scale range computed using the min. and max. fi-om all 
three velocity components. 
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less than TJ. The characteristic lengths of the macrofloc fraction, however, do not 
appear to be limited by especially those macroflocs formed during the vegetated 
experiments. While 3 floe size distributions from the un-vcgetated experiments have 
maximum longest axes in excess of T? (samples 2, 3 and 6) all floe samples from the 
vegetated experiments have longest axes, and all macrofloc averaged length metrics, 
greater than 77. In the vegetated cases, macrofloc sizes do not appear to be limited 
by 7]. The Kolmogorov length scale as a limit to maximum floe size makes theoreti-
cal sense, but it must be remembered that floes are likel}' to respond continually to 
ambient hydrodynamic forcing and may only grow to a maximal stable size under 
constant forcing conditions. In other words, this stable size can only be achieved 
when flocculated particles achieve equihbrium with the imposed turbulent shear. In 
natural systems it seems unlikely that equilibrium conditions will exist as hydro-
dynamic forcing is in a constant state of change. The f) length scales presented in 
Figure 5.11(a) and 5.11(b) are best viewed as time-averaged quantities (as they are 
derived from a time-averaged dissipation rate) and don't really correspond to the 
magnitudes of r) that floes may respond to. There will be instantaneous fluctuations 
around these mean length scales forming a continuous distribution of length scales 
that force particle aggregation or break-up depending upon the relation between 
floe size, length scale and structural resistance to shear (floe strength). In short, 
for a given time-averaged length scale, it is unreasonable to expect floe size met-
rics to demonstrate strict adherence to imposed size limits due to a), the inherent 
intermittency of turbulent flow which is not adequately quantified in the simple, 
essentially time averaged i] length scales derived here, b) short r^idence times of 
suspended particles in the flow field (disequilibria suspension) and c) floe to floe vari-
ation in structural resistance to disaggregation. This last component, floe strength, 
will be strongly biologically mediated. In addition, Coufort et al. (2005) emphasise 
the importance of antecedence in the development of floe size distributions and the 
development of steady state floe characteristics. 
5.3.4 Settling Velocity Comparison 
5.3.4.1 Previous Est imat ions and Observations 
Figure 5.12 is an updated version of Figure 2.29 in § 2.4.3 which has been amended 
to illustrate the range of settling velocities of suspended particles observed from the 
six vegetated settling experiments presented in this Chapter. The average settling 
velocity of the sbc samples is also illustrated for comparison with values used, esti-
mated or observed during previous research. There is close agreement between the 
average settling velocity observation obtained by Graham and Manning (2007) and 
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that from the present study. This is encouraging since both studies have been ex-
perimental laboratory investigations but have utilised different floe size and settling 
velocity measurement apparatus. Graliam and Manning (2007) utilised INSSEV 
and observed higher maximum settling velocities than have previously either been 
used in numerical models of marsh systems or observed/estimated in/from field 
studies of marsh systems. The setthng velocity data presented in this Chapter has 
an even greater range than the observations of Graham and Manning (2007) and 
illustrates the presence of large, fast settling macroflocs in the grain size distribu-
tions of suspended, cohesive sediments. Previously, only two attempts have been 
made to incorporate such large aggregates into numerical models of marsh systems. 
Woolnough et al. (1995) and Temmerman et al. (2004b) have previously used maxi-
mum setthng velocities of 2.51 and 3.5 mm s~^  respectively. These values are similar 
to the maximum settling velocities reported by Graham and Manning (2007) but 
are a full 3.22 - 2.23 mm s~* slower than those observed during the present inves-
tigation. Of course such extreme settling values are relatively infrequent within a 
'typical' setthng velocity distribution and it cannot be ascertained from this fig-
ure whether these fast settling aggregates are also large in size - therefore having a 
significant impact upon settling fluxes, or small in size - with negligible impact on 
setthng fluxes. Small, slow settling aggregates dominate the distribution averaged 
settUng velocity. This results in the small sample mean settling presented in Fig-
ure 5.12 and consequently biases the MSF estimates low. It is worthy of note that 
the method for floe settling velocity estimation developed for this thesis is the only 
available system that can assign error estimates to individual particles, and thus 
sample average settling velocity estimates. As has been demonstrated in § 5.3 small 
particles, despite their numerous occurrence, have httle impact upon the settling 
flux. Generailly the settling velocities utilised in numerical models of marsh surface 
accretion utihse settling velocities of less than 0.4 mm s~^and there is a potential 
that the settling fluxes computed are consequently erroneous. Figure 5.13 compares 
the settling flux estimated from each of the present settling experiments with a set-
tling flux estimate produced in the same way in whicli it is parameterised in the 
majority of marsh surface models, as the product of the (sample) mean settling ve-
locity and suspension concentration. These estimates are summarised in Table 5.9 
and the error in the estimated flux is also indicated. It is clear that settling fluxes 
estimated using a distribution mean settling velocitiy typically underestimates the 
observed flux by, on average, 62%. The discrepancy between observed and estimated 
fluxes in Figure 5.13 grows as the observed setthng flux increases, illustrating the 
important contributions which the large macroflocs make to the settling flux. These 
large particles are not adequately represented by using the product of sample aver-
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aged settling velocity and suspension concentration since the mean settling velocity 
is heavily biased towards the more numerous, slow*er settling particles. Over long 
simulation times (i.e. hundreds of years), these errors may be smoothed by other 
processes, auto-compaction for example. However, for high resolution simulations 
of shorter duration (i.e. tidal cycles - years) there is a need to accurately estimate 
the settling flux over the marsh surface during inundation. 
Model Ws Values Observed 
or 
Estimated 
Ws Values 
B 01 C2 01 D2 E F G1 G2 H1 H2 I J 
Author (see caption) 
Figure (5.12). Comparison of settling velocity values utiUsed in existing numerical 
models (A - F, left hand side of dashed red line) and from in-situ obser\'ation (Gi -
I). A = Allen (1990), 0.25 mm s"'; B = French (1993), 0.4 mms"'; Ci = VVoohiough 
et al. (1995), 1.21 (max. 2.51, min. 0.10 mm s"*); C2 = Woolnough et al. (1995), 
0.33 (max. 0.63, min. 0.03 mm s-^; D, = Temmerman et al. (2004a), min. 0.1, 
max. 0.14 mm s" ;^ D2 = Temmerman et al. (2004b), min. 0.2, max. 3.5 mm s~^ 
E = D'Alpaos et al. (2006), 0.2 mm s"^ F = French and Burninghara (2006), 1 
mm Gi = Temmerman et al. (2003b), 0.1 mm s~'; G2 = Temmerman et al. 
(2004a), min.0.07, max. 0.36 mm s"'; Hi = Voulgaris and Meyers (2004) 0.24 
mm s"*(tidally averaged, marsh smface); Hj = Voulgaris and Meyers (2004), 0.37 
(max. 1, min. 0.01 mm s'^tidal creek); I = Graham and Manning (2007), 0.55 
(max. 3.36, min. 0.0039 mm s'^. J = this thesis, 0.6±0.03 (max 5.73, min 0.05 
mm s~'). Confidence intervals, at a = 0.05, around the mean settling velocity 
are indicated by vertical error bars in sample J only. Adapted and expanded from 
original figure in Graham and Manning (2007) 
5.3.4.2 Compar i son of Floe Fract ion Sett l ing Velocit ies w i t h E m p i r i c a l 
Flocculat ion Mode l 
For accurate parameterisation of settling fluxes in environments dominated by cohe-
sive sediments, the state of the art in flux modelling is represented by the empirical 
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Figure (5-13). Comparison of observed size-band average settling flux (WSSBCSB) 
with that estimated using sample averaged settling velocity and concentration 
{WgC). Red dashed line indicates 1:1 relation. 
flocculation model of Manning (2004a). .Manning's model is derived using multiple 
regression on a large database of floe sizes and settling velocities measured using IN-
S S E V in Northern European estuaries over a large range of suspension concentration 
and shear stress. The flocculation model consists of three principal algorithms for 
the settling velocity of macroflocs (I'I^SAJMCRO): niicroflocs (l'^''s;i,/c«o) ^^ ^^  ^^ ^^ ^ 
of the suspended particulate matter held by the two sub-populations (SPMratio)-
When all three are combined they can be used to describe the Mass Settling Flux 
of cohesive sediment: 
J S F = [ ( 1 ~ -
1 
-h SPA'/ 
){SPMW, 
ratio 
SMACRO 
1 
SPA'/, ratio 
Macrofloc and microfloc settling velocities are estimated based upon a knowledge 
of shear stress (r) and suspension concentration (SPM). 
0.644 + 0.000471SPA'/ -h 9.36r - I S . l r ^ if 0.04 
"^•^s.tACRo = { 3.96 -f 0.0G0346SPA'/ - 4.38r + l.SSr^ if 0.65 
1.18 + 0.000302SPA'/ - 0.491r -f 0.057T2 if 1.45 
0.244 -h 3.25r - 3 .71r2 if 0.04 \ r < 0.52 N m-'^ 
0.65r-°-^'*^ if 0.52 j r < 10 m'^ 
The S P M ratio is estimated as 
3MICRO 
T < 0.65 N m - 2 
r < 1.45 m - 2 
r < 5 A^  m - 2 
182 
Vegetation Shear E x p # C WsC WSSBCSB 
Absent High 1 0.762 90.010 68.562 198.410 0.346 
2 0.668 164.740 109.974 326.840 0.336 
3 0.677 298.360 201.960 473.010 0.427 
Low 4 0.343 89.570 30.753 75.208 0.409 
5 0.985 164.140 161.625 299.740 0.539 
6 0-851 289.480 246.307 651.000 0.378 
Present High 7 0.531 98.590 52.369 198.810 0.263 
8 1.020 163.380 166.648 353.160 0.472 
9 0.472 291.690 137.733 525.210 0.262 
Low 10 0.432 84.920 36.703 61.725 0.595 
11 0.351 146.890 51.526 215.200 0.239 
12 0-815 268.690 219.058 702.900 0.312 
0.382 
Table (5.9). Summary of sample averaged settling velocities. SPM and setthng 
flux estimates for samples 1 - 12. The bold figure in row 12 of column 8 is the 
average sample settling fliLx as a proportion of the total fliLx error across all 12 
experiments- A mere 38% of the total settling flux is accounted for when sample 
average quantaties {WsC) are utilised, giving an error of 62%. 
SPMratio = 0.815 + 3.18 X \^-^SPM - 1.4 x lO'^SPA^^ 
The micro and macrofloc settling velocities obtained from the experiments de-
tailed in Table 5.1 are compared to modelled floe fraction settling velocities, derived 
using the parameterisation outlined above, in Figure 5.14. To estimate the floe frac-
tion settling velocities, the values of suspension concentration {QMOBS) and shear 
stress (derived from TKE) estimated for each settling experiment are used to force 
the empirical model. Both predicted micro and macrofloc settling velocities are cor-
rect order of magnitude, though the model appears to consistently underestimate 
the observed microfloc settling velocity in 50% of the samples and the macrofloc 
settling velocity in 58% of the samples. For sample # 2 {CMOBS = 164.74 mg L ~ ^ 
and TKE 0.55 N) the model fails to predict either a micro or macrofloc settling 
velocity. Over-predictions occur in only 25% of the samples for microfloc settling 
velocities, with the remaining 25% of predictions within the error bounds of the 
microfloc obser\'ations, indicating no significant difference between modelled and 
observed microfloc settling velocity. 42% of the macrofloc settling velocity pre-
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dictions fall within the observation error bounds. There does not appear to be a 
consistent difference in either observed or modelled fraction mean settling velocity 
magnitude between vegetated or un-vegetated experiments. 
Micro Floes Macro Floes 
Modelled Settling Vetocity (mm s ') Modelled Settling Velocity (mm s ' 
Figure (5.14). Comparison of observed and modelled floe fraction averaged set-
tling velocities for sample numbers 1-12 in Table 5.1. Panel (A) illustrates av-
erage microfloc settling velocities. Panel (B) illustrates niacrofloc settling veloci-
ties. Black vertical error bar represents the confidence interwil at significance level 
a = 0.05. Green boxes indicate floe sample from experiments with vegetated flow. 
Red dashed line indicates 1:1 relation between model prediction and obser\^ation. 
The consequences of empirical settling velocity under-estimation (especially for 
the macro floe fraction) on the predicted mass settling fluxes for each experiment 
are illustrated in Figure 5.15 A. Substantial underestimates are indicated for all 
experiments, with the exception of sample 4 whose settling flux is well predicted. 
Figure 5.15 B gives a graphical presentation of the percentage error in the model 
estimates of fraction settling velocity and total mass settling flux. Micro- and 
macrofloc settling velocity is generally imderestiniated by between 1 - 53%. 25% 
of the microfloc settling velocities are over estimated by between 10 - 42%. Con-
sequently, all the mass settling fluxes are underestimated by between 15 and 65%, 
with the exception of sample 4 whose settling flux error is approximately 4%. 
Figure 5.16 illustrates representative plots of regression curves generated from 
the empirical floe observation data for settling velocities of macroflocs (panel A) and 
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Figure (5.15). ('oiiiparison of (A) ohs* r\r<l and niodrllfd Ma.^ s Settling; Flux for 
sample I I U U I I K T S 1 1 2 in Tahle T).!. Circni boxes indicated floe sample from exper-
iments with vegetated flow. Red da.shed line indicates 1:1 relation between model 
prediction and observ^ation. Panel (B) illustrates the p<'rc<'ntage error between the 
predicted and observed floe fraction settling velocities (Figure 5.14 A and B) and 
Mass Settling Fluxes. Green bands denote samples from vegetated flow 
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Figure (5.16). Parameter spaces of partidr size and settling veKx ity experiments 
from this thesis in tlir context of tli(> empirical Ma.ss Settling Flux i i iodr] of Man-
ning (2004a). Repres<'ntative plots of the regression curves for maerofloc (A) and 
microfloe (B) settling velocities, together with observational data, utilised by the 
empirical model of Manning (2004a) to predict settUng velocities are shown by lines 
and dot markers. The vertical rtnl dashed line has been added to both plots to 
indicate tiu'lowtT ojxratioiial >ii«ar >n<>^  limit idul N m~^) of the model. Shaded 
boxes have also been added to indicate the shear stress and settling velocity pa-
rameter space from the particle size and settling velocity experiments conducted 
for this thesis. Sample numbers (refer to Table 5.1) have also been added to this 
parameter space to give indicative location of experiments in relation to shear stress 
and x'tilin^ velocity ranges. Adapted from Manning i Jnolii 
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microflocs (psmel B) . The intrinsic shear stress limits for the model are indicated as 
are the shear stress and settling velocity parameter spaces for the floe observations 
obtained during the present experiment. Quite clearly, much of the parameter space 
from the present experiments indicated on Figure 5.16 cover a region in which there 
are sparse observations in the model of Manning (2004a). 42% of the floe samples 
are obtained from flows with sheai stress less than or equal to the lower limit of shear 
stress represented in the empirical model. The training data set used by Maiming 
(2004a) to generate this empirical mode! formulation does not contain data from 
such low shear and low concentration environments. Attempts to use the model 
formulation for predictions in low shear, low concentration environments are prone 
to significant errors. Settling velocities and mass settling fluxes are not produced for 
Sample 2 because the shear stress measured during this sample are below the model's 
operational shear stress limit. Samples 4 and 9 (whicli have relative errors in the 
micro settling velocity, macro settling velocity and mass settling flux of -7, -1.7,and 
-0.04% and -1.3, -11.4 and 15.4% respectively) are most accurately represented as 
their observed macro and micro settling velocities are in closest proximity to the two 
lowest suspended sediment concentration regression curves in Figure 5.16. With such 
variation in the other samples within the parameter space, it is hardly suprising then 
that model predictions largely under-estimate both macro and microfloc settling 
velocities. 
5.4 Summary 
This Chapter has presented the results of a series of experiments to explore the 
properties of suspended sediments in vegetated flows. A brief discussion of the hy-
drodynamics was given since the experiments presented in this Chapter diff'er from 
those presented in Chapter 4 in quite fundamental ways. Principally, single point, 
static ADV measurements of the flow field in the stem region of the canopy were 
obtained, rather them full height vertical profiles as presented in Chapter 4. The 
hydrodynamic measurements from these experiments illustrate qualitative similarity 
to those obtained near the bed in Chapter 4 i.e. the magnitude of mean currents 
within vegetation are reduced significantly in compeirison to un-vegctated flows, the 
presence of the vegetation initiates strong wake shedding into the flow elevating tur-
bulence intensities by approximately three-fold above those measured in the faster, 
unvegetated flow. As a consequence averaged T K E estimates are marginally higher 
in the vegetated flows for low and high shears (0.15 and 0.39 N m~^) in compari-
son to those in the un-vegetated flows (0.12 and 0.27 N m~^). As observed in the 
previous Chapter, elevated turbulence intensities and small scale shedding around 
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the vegetative elements increases the dissipation rate of T K E and reduced the Kol-
mogorov length scale in comparison to un-vegetated experiments. The second ma-
jor difference between the experiments in this Chapter and those in Chapter 4 was 
the addition of suspended sediments to the flows. A vertical array of 8 miniature 
backscatter sensors was used to observe the fluctuating concentration field, but due 
to instrument failure only data from half of the sensors returned meaningful results. 
Nominal suspension concentrations of 250 - 1000 mg were produced in the flume, 
but it quickly became apparent that the majority of this sediment settled extremely 
rapidly from both the un-vegetated and vegetated flows. At the commencement of 
measurement suspension concentrations for all experiments were within the narrow 
range of 100 - 396 mg L " ^ Time series of vertical concentration profiles show that 
the sediments suspended at the beginning of the experiments are maintained in sus-
pension for significantly longer periods of time within vegetated flows under stead}' 
unidirectional currents than in un-vegetated experiments, despite the mean current 
velocity during the latter being 3 - 3.5 times greater. The vertical distribution of 
sediments was also markedly more uniform in the vegetated flows than in the un-
vegetated flows. Such differences can only be attributed to the marked increase in 
small scale, turbulent fluid motions that occur in the vegetated flows and which are 
extremely effective at mixing and homogenisation of the water column within the 
canopy. 
The novel method of particle size and setthng velocity estimation, introduced in 
§ 3.6, has been used to investigate potential differences in suspended particle charac-
teristics between vegetated and un-vegetated flows. The intention was to determine 
whether vegetation induces changes to the size and/or setthng velocity of particles 
suspended within the canopy which might make practical differences to the setthng 
flux between flows through vegetation in compjurison to open water. No statistically 
significant, consistent changes in either sample mean sizes and settling velocities, 
or sub-population (i.e. microfloc and macrofloc) sizes and settling velocities could 
be found. Although the Kolmogorov microscale is strongly modified in vegetated 
flows, there appeared to be little evidence that it was providing a consistent upper 
size limit to suspended particle size. In fact, the majority of sample average size 
descriptors were significantly greater then the estimated Kolmogorov micro scales 
which strongly suggests there may either be other processes determining the ability 
of aggregates to with-stand imposed shears (e.g. biological binding can significantly 
increase aggregate strength/cohesion); or that the relationship between time aver-
aged Kolmogorov length scale estimates and sample averaged length metrics does 
not adequately account for the distribution of length scales or particles sizes within 
the fluid. Finally, the observed settling velocities from the vegetated experiments 
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been contrasted with previous observations aiid estimations of settUng velocities in 
marsh systems. Generally, the settling velocities typically used in numerical models 
are small (<0.4 mm s~^) and are the same order of magnitude as sample averaged 
settling velocities observed in this study. However, the range of setthng velocities 
from the present experiments is far greater than have previously been observed or 
used for modelling. An accurate parameterisation of the mass settling flux requires 
a method of incorporating the largest and, often, fastest settling aggregates which 
are under represented by either the small settling velocities used in current numer-
ical models or the sample mean estimates of settling velocity produced during tliis 
study, since they are heavily skewed towards the small, frequently occurring particle 
sizes. Utilising sample averaged settling velocities and concentrations, rather than 
full spectral estimates, results in errors in the Mass Settling Flux of up to 62% in 
comparison to the observed flux. A state of the art flux model for cohesive sediments 
(Manning, 2004a) has been tested against the settling velocity and mass settling flux 
observations presented in this Chapter. Since the observations are at the limit of the 
models suspension concentration and shear stress boundaries it is unsurprising that 
the model under predicts both the observed settling velocity and mass settling flux 
for vegetated and un-vegetated flows. To improve predictive capability the model 
could be adapted with calibration coeflScients or, ideally, data obtained from low 
concentration and low shear flows should be added to the models training set. 
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Chapter 6 
Field Conditions 
In this chapter in situ data from a short duration field experiment is presented to 
contextualise the laboratory data presented in Chapters 4 and 5. This field data also 
provides insight into the processes operating at the canopy scale under bidirectional 
current and wind-wave forcing. 
6.1 Post-Processing 
The instrument setup has been presented in § 3.1.3 and the results presented herein 
focus on a single inundation during which all instruments (with the exception of 
the A D C P ) were functioning correctly. Data from the pressure sensor has been con-
verted from decibar to metres and atmospheric pressure corrections applied. Tempo-
ral variation in the water depth was then used to estimate instrument submergence 
times and define the temporal range of velocimeter data validity. Valid velocimeter 
data was consequently corrected for sound speed errors based on measured tem-
perature (18.5 *'C) and salinity (25 PSU). Synchronisation of the velocimeters was 
double checked by examining the signal cross-correlation of each velocimeter with 
that closest to the marsh surface on a timseries segment in which pronounced wave 
groups were evident. Small synclironisation lags were corrected by zero padding the 
respective velocimeter timeseries in which they occured. 
For initial analysis, velocimetery and pressure data is broken into discrete 10 
minute sections over the full duration of submergence and all subsequent processing 
performed on these data sections. This 10 minute measurement duration represents 
a trade off between timeseries stationarity and temporal resolution of time averaged 
quantities over the inundation period. Each segment of velocimeter data was de-
spiked and filtered for Doppler noise before subsequent calculations were performed. 
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6.2 Time Averaged Currents and Wave Climate 
Figure 6.1 presents the magnitude of the time-averageci current velocity ( | U | = 
yUx + 1)2 + U^) for each of the velocimeters (panels B - F) in relation to tidal 
stage (panel A ) . The instrument array is fu l ly submerged for the period H \ V d i l l 5 
minutes wi th maximum inundation depths of 1.34 m (approximately 3 times the 
height of the instrument array). 
Time to HW 
Figure (6.1). 10 minute time-averaged water depth (A) and corresponding ciu-rent 
velocity magnitudes (m s"^) for velocimeters 1 - 5 ( B - F ) during a single flood-
ebb inundation. The red dashed line in A indicates the maximum height of the 
velocimeter array, z, the velocimeter height, and H. water depth, are relative to 
local datum in metres. 
There is marked symmetry in water level variations in Figure 6.1 A during inun-
dation of the marsh at Blaxton gi\ang temporal equality in the duration of flooding 
and draining of the marsh surface which both occur for approximately 140 minutes. 
Clearly current velocities during both the flooding and draining are small (less than 
5.2 cm s"^) throughout the inundation. Although the absolute velocity magnitudes 
are small, the marsh exhibits flood velocity dominance wi th ebb magnitudes 53 -
74% of those obser\'ed during the flood period. There are two velocity transients 
at 90 and 30 minutes prior to H W which are coherent over the fu l l water depth 
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(Figure 6.2). In addition to their vertical coherence, the strong decay of velocity 
magnitude wi th proximity to the bed is clearly indicated in Figure 6.2 B . Such 
transients are clearly surface forced and are suggestive of wind-wave forcing, flow 
unsteadiness during inundation of the marsh surface (perhaps forced by topography) 
or by even larger scale inertial slosliing in the basin of the Tavy Esturav. 
120 -90 -60 -30 HW +30 +60 +90 +120 
-120 -90 -60 -30 HW +30 +60 +90 +120 
0 5 1 1.5 2 2 5 3 3.5 4 4 5 5 
|U| (cms"^) 
F i g u r e (6 .2) . \'C1(M itv nia^nitudr a.^  a function of water depth and distance above 
bed. Upper panel illustrates H . Lower panel presents interpolated velocity magni-
tude from Figure 6.1 clearly showing strong coherence of velocity transients over 
depth. H is relative to local datum. Djushed white lines in lower panel indicate 
discrete locations of velocimeters. 
Figtue 6.3 illustrates the wave climate during the marsh immdation. To ()l)tain 
these estimates, pressure sensor data has been subsampled to 8 Hz (wi th a low-
pass FIR filter applied to reduce aliasing). The same 10-niinute block processing 
approach, as utilise<l for the velocimeter\' data (Figure 6.1), is used to derive time-
averaged wave data over the t idal immdation. Significant wave height (Figure 6.3 
B ) and their mean period (Figure 6.3 C ) are ( al< ulated f rom the pressure spectrum 
using the zeroth mouH^nt (a;?o. water surface elevation variance) and the s^ ^cond 
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moment (7112) of the spectrum: 
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Figure (6.3) . Spectnally derived wave parameters (10-niinute block operator) 
during marsh imindation. Water depth ( A ) , significant wave height (B) , period 
(C), rms wave height (D), wavelength (E), wave steepness (F) and orbital velocity 
(G) at h = 0.02 m. 
Estimated significant wave height is multiplied by a gain factor (G) to compen-
sate for attenuation losses that occur with increasing water depth: 
G = cosh{kh) / cosh{kd) 
where h is the water depth, d is the height of the pressure sensor above the bed and 
C05/1 the hyperbolic cosine. The wave number k = 27r/A, where A is wavelength, is 
determined f rom the dispersion equation describing linearized water waves that are 
periodic in space and time propagating over a flat bottom: 
= gktanli{kh) (6.1) 
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where u is wave frequency (27r/T) and tank the h^^perbolic tangent. 
Because k is impHcit in Equation (6.1), i t is normally an iterative calculation 
with asymptotic solutions for shallow (and deep) water waves. To solve for k, the 
explicit approximation of Hunt (1979) is utilised here as an approximate solution 
to Equation 6.1 in terms of fc/i, which is accurate to 0.1 - 0.2% (Sherwood, pers. 
comms): 
.2 _ „ 2 . y 
where t/ = 2a/g and the constants (to 3 d.p.) are dx = 0.666, d2 = 0.355, f/3 = 0.161, 
f/4 = 0.063, f/5 = 0.022 and de = 0.007. 
Clearly Hg is extremely small ( 0 ( cm) ) , yet these small motions have a consid-
erable impact on velocity spectra as seen in Figure 6.6. Generally, the significajit 
wave height is in the region of 2 cm for the major i ty of the mareh submersion. 
During the flood inundation, Hg increases to 6 cm between 80 - 90 minutes before 
HVV. The root mean squared wave height {Hrms): the square of whicli gives a good 
average measure of the wave energy, and significant wave length are presented in 
Figure 6.3 D and E. Panel F presents a wave steepness parameter and illustrates 
that due to the small height and relatively long period the waves experienced during 
this measurement campaign are really only gentle undulations of the free surface. 
The near-bottom horizontal orbital velocity generated by these motions (Panel G ) 
is calculated: 
Uu, = nH/Tsinh{kh) 
where sink is the hyperbolic sine. The calculated orbital velocities are less than 5 
cm s~' during marsh submersion, wi th peak values experienced during the ini t ial 
flooding of the marsh, when mean water depths are less than I m , and just before 
the marsh completely drains, when mean water depths are less than 0.4 m. 
6.2.1 Shear Stress 
Pope et al. (2006) have made near bed velocimeter measurements of combined waves 
and currents on Blaxton Marsh and have estimated the T K E (refer to Equation 4.1) 
and the bed shear stress by using a proportionahty coefficient (Stapleton and Hunt-
ley, 1995, Thompson et al., 2003): 
T = Q.\^TKE (6.2) 
Pope et al. (2006) estimated the bed shear stresses ( r ) at BaJxton marsh as being 
between 0.01 and 0.2 N m"^ . Using the same procedure, Figure 6.4 indicates that 
stresses are generally low throughout the water column over the entire inundation 
period ( r <0.2 N m"^) which agrees well wi th the data of Pope et al. (2006). 
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There are however distinct peaks in stress near the surface (at approximately HW-
190 minutes, 0.65 - 0.7 N m ' ^ ) and near the bed (between HW-»-40 and H\V-|-80 
minutes. 0.3 - 0.51 N ni"^) . The peak stresses illustrated in Figure 6.4 are not 
synchronous w i th wave climate variations (Figure 6.3) and only the first of the two 
velocity transients identified in Figure 6.2 ( B ) can be linked to the peak stress in 
the velocimeter data at zlh= 0.875. The second velocity transient does not appear 
to elevate stresses, so a connection between the occurance of velocity transients and 
peaks in stresses seems weak. It is not possible, therefore, to conclusively identify 
the causr-s of the observed stress peaks. 
e-B-e 
120 -90 HW -^30 -»-60 +90 +120 
0.1 0 2 0.3 
HW +30 +60 +90 +120 
0 s 0.4 
0.19I-KE(Nm-2) 
0.6 
Figure (6.4) . .Stress variation during inundation. Water height (A) and shear 
stress (B) 
Figure 6.5 partitions the estiniat(«(l near stress from Figure 6.4 into that generated 
(Ml the flood and ebb tide. Wave vwvx^y is greater on the incoming tide than on the 
ebb yet, w i th the exception of the velocimeter at z/h = 0.875, stress estimates are 
below those f rom the ebb tide. 
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Figure (6.5). Tidally modulated stress viuiation during inundation. The shear 
stress estimates froni each of the velocimeters are partitioned into those from the 
flood tide (red) and from the ebb tide (blue) and are plotted against f^rms which is 
a reasonable proxy for wave energ>'. 
6.3 Wave Contamination 
Al l velocimeter observations are strongly influenced by periodic wave motion despite 
the fact that the field site is extremely sheltered and only relatively small, wind-
generated waves were evident during data collection. Of course, stress estimates 
based on T K E calculated in the manner of Pope et al. (2006) do not account for 
the wave contamination and associated unsteadiness inherent in the velocimeter 
timeseries. Energy density spectra at z = 0.875 m (Figure 6.6 A ) typically exhibit 
wave number peaks (k = 1.2 rad m " ' ) associated wi th wave motion in all three flow 
components. Cross-stream flow components (u/2) typically exhibit lower energy at 
these peaks than stream wise {uf]) and vertical (w/3) components, indicative of the 
largely streamwise wave orientation (i.e. predominantly shore normal approach). 
Energy density spectra at z = 0.05 m (Figure 6.6 B ) clearly exhibit reduced total 
energ>' due to near-bed velocity reduction and a reduction in the energ>' at /c = 1.2 
rad m~* ( i f not a complete absence of a wave induced energj' peak) in w/2 and ti/3 
associated with proximity to the bed. Wave motion at this elevation becomes a 
periodic horizontal oscillation in the streamwise component wi th negligible motions 
in either the vertical or crossstream components. The presence of energ)' in velocity 
time series from wave induced motions makes the calculation of turbulent shear 
stresses (e.g. from Turbulent Kinetic Energy) and other turbulent quantities such as 
the T K E dissipation rate (e) fraught wi th difficulties since the wave energ>' band can 
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M m •) k ( m •) 
F i g u r e (6 .6 ) . Wave contamination of velo( ini('t<'r data at 2 = 0.875 m (Panel A ) 
and z = 0.05 ni (Panel B ) «»l)tainr(l at HW-.U) niinntos. 
be superimposed upon, or (Kcur at the lowest wave number l imi t , of the turbuh^nce 
containing wave numbers. Calculation of (luantities su( li as T K E without an oxpli( it 
consideration of wave energy contamination (see, for example Pope et al. (2006)). 
even in systems which experience essentially calm and wave-free con(iitions, may 
load to ovor-ostimation as wave onorgy is mistaken for tiubulence. Additionally 
distortion of the inertial subrange f rom its classical theoretical k~^^^ dependence 
may occur as energy ieaks' from the wave band into the ISR. < ausing straining of 
the small scale motions. Such spectral leakage has obvious implications for T K E 
dissipation (estimation from velocity spectra. 
Turbulence measurements, and derivecl (piantaties, are contaminated by the sur-
face wavers, which are several orders of magnitude more energetic than the turbulent 
fluctuations. To demonstrate the impact of even the small surface waves observed in 
this study on shear stresses, and to contrast this w i t h the influence of the turbulent 
motions, and to calculate values of T K E dissipation and the Kolmogorov length 
scale, separation of the wave motions from turbulent motions is necessary. Despite 
a number of methods for the separation of turbulence f rom wave induced flows (see 
for example Stapleton and Huntley, 1995), such separation is 'an on-going strug-
gle' (Cowen, 2005) as there are assumptions/imi)li( ations inherent in each method. 
Since surface elevation data was collected synchronosly wi th velocity, the coherence 
between surface elevation and the velocity could be used to distinguish wave in-
duced velocities f rom turbulent motions in a similar manner to that pioposed by 
Wolf (1999). A major advantage of the instrument array used in this study is the 
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synchronisation of 5 velocimeters in the vertical, a situation ideally suited to the ap-
plication of an adaptive filtering method (Shaw and Trowbridge, 2001) to separate 
wave and turbulent motions measured by each velocimeter. This method assumes 
that the correlation scales of the wave motions are much greater than the corre-
lation scales of the turbulence such that waves and turbulence are un-correlated. 
This allows two sensors, seperated by a finite distance (greater than the correlation 
scale of turbulence but less than the de-correlation scale of the waves), to be used to 
identify motions which are coherent to both sensors. This coherent, but not neces-
sarily equal, motion is associated wi th energetic surface waves measured by the two 
sensors. Linear least squares filtering is used to estimate the coherent component 
of velocity at one position (a, an individual velocimeter at set height), with velocity 
measurements at a second position (6, either above or below the velocimeter at a 
dependant upon whether there is water covering b). Filter weights (h) are estimated 
as 
h = ( A ' ^ A ) - » A ^ U „ 
where A is an M x N matrix of window-ed velocities at position (b). M is the 
number of data points in the tinieseries and N is the number of filter weights, and 
Ua is a velocity vector f rom position a. Since significant wave periods were less than 
2.5 seconds during data collection (Figure 6.3 C ) and fs is 32 Hz, the length of the 
filter (N) has been chosen as 81 , corresponding to a window length of 2.5 seconds. 
The wave induced velocity at position a is estimated by convolving the measured 
velocity at position b wi th the filter weights: 
= A h 
The turbulent fluctuations at position a are then estimated by subtraction: 
u / , = - U« 
New filters were calculated for each 10 minute block of data, so the filtering tech-
nique is adaptive to slow variations in the wave conditions illustrated in Figure 6.3. 
Figure 6.7 illustrates the influence of the adaptive filtering method upon compo-
nent spectra. The filtering method does not completely eliminate the wave band 
(centered, in Figure 6.7, at approximately 1 Hz) but severly reduces the variance 
within the timeseries associated wi th motions occuring wi th in the wave band. The 
spectral bumps that are left behind after passing the adaptive filter over each of the 
timeseries is associated with the turbulent fluctuations contained wi th in the waves 
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Figure (6.7). Comparison of encr<;y density sprctra at H \ \ -!)i) j)!.-- ihlack line) 
and post- (red fine) application of adaptive filter. 
tluMuselves. The variance associated wi th the tmbnlence wi th in the waveband would 
be total ly lost i f a wave band cutoff" method, such as that proposed by Stapletcn 
and Huntley (1995). were used instead. 
6.3.0.1 D i s s i p a t i o n E s t i m a t i o n and t he K o l m o g o r o v M i c r o s c a l e 
The velocimeter timeseries, after adaptive filtering, are used to estimate the T K E 
dissipation rate and derive the Kolmogorov microscale of the flows. Given that mean 
flows are small and turbulence intensities high in these vegetated flows, Taylor's 
hypothesis is strongly violated (Figtue 6.8). To calculate the dissipation rate, an 
ahcrnative method to that utilised in Chapter 4 and Chapter 5, which depends upon 
the validity of Taylor s liyj)othesis for conversion from frecjuencv to wavenmnher 
i> rccjuirod. 
Stiansen and Sundby (2001) present a method for estimating dissipation rates 
in zero-mean flows. While mean flows in the field are certainly not zero, they 
are sufficiently snmll relative to the turblent fluctuations wi th in the flow so as to 
negate Taylor"s hypothesis (see Figure 6.8) and are ec|ual to or lower than the wave 
induced oscillating currents. As such the time-averaged flows can be considered as 
approximately zero-mean. Stiansen and Sundby (2001) suggest that the dissipation 
rate of turbulence kinetic energy can be evaluated, in terms of the natural frequency, 
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Figure (6.8). Indication of violation of Taylor's hypothesis over the innuudaion 
period (A) for each of the velocimeters (B - F) . For accuracey in the estimation 
of dissipation rates, ^^.fj}^ should be <0.5 (indicated by dashed horizontal line in 
each subplot). 
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as: 
e = 27r( 
10^  ) 3 / 2 
where S is a universal constant, assumed to be order 1 (Tennekes, 1975), and u/irms 
is the root-mean-square of the zero-mean, fluctuating velocity. The coefficient 6 is 
found f rom a linear regression, wi th fixed slope of -5/3, to the Inertial Subrange 
of the energ>' density spectrum of the measured timeseries. Estimated dissipation 
rates are presented in Figure 6.9, there is considerable variation in dissipation es-
timates f rom each of the three velocity components bu t estimates are generally less 
than 300x10"' ' n i ' V ^ , wi th the exception of apparent peaks up to 500 - 600x10"'* 
m~^s~^ during the early stages of the ebb in the vertical component at 2 / / i = 0.875 
at H W - f 10 - HW-l-50 and in the cross-stream component at z/li= 0.125 at HW-l-10 
- H\V-f-60. There appears to be no pronounced difference in dissipation rates be-
tween the flooding and ebbing tides, as has been observed by Bryan et al. (2007). 
Given that this system has such low energy, and that there is l i t t le difference in 
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Figure (6 .9) . Estimated dissipation rates (xlO"'* m'^s"^) for individual velocity 
components from array of 5 velocimeters (B - F) throughout the inundation of the 
marsh surface ( A ) . Green vertical fines give visual indication of range of estimates. 
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Figure (6.10). Estimated Kolmogorov length scales (mm) for individual velocity 
components from array of 5 velocimeters (B - F) throughout the inundation of the 
marsh siuface (A) . Green vertical lines give visual indication of range of estimates. 
mean velocities between the flood and ebb, the general constancy in the estimated 
dissipation rates is unsuprising. 
Kolomogorov microscales have been derived using the estimated dissipation rates 
and are presented in Figure 6.10. Since the dissipation rates in Figure 6.9 do not vary 
significantly over the inundation, the Kolmogorov microscale estimates in Figure 6.10 
also have a largely constant size of 90 - 155 /xm. 
6.4 Suspended Sediments and Settling Velocities 
Figure 6.11 illustrates the SPM concentrations observed during the field deployment. 
10 minute OBS sensor series were despiked in 1 minute sub-windows (measurements 
greater than the mean signal ± 3 a were treated as erroneous) and then averaged 
to obtain the concentration estimates in Figure 6.11. Suspension concentrations 
peak at approximately 99 - 111 mg L~\ wi th SPM concentrations appearing largely 
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Figure (6.11). Variation in 10-minute block averaged water depth (A) and SPM 
concentration for 3 OBS sensors (B - D) . 
204 
1.4 
1.2 
:^ 1 
I 0.8 
" 0.6 
0.4 
0.2 
B 
8 ""8 o 
o QOQQ 
o o o o 
o 
O z\h = 0.35 
O z\h = 0.20 
O z\h = 0.01 
-120 -90 -60 -30 HW +30 +60 +90 +120 
Time to HW 
Figure (6.12). Variation in 10-minute block averaged water depth (A) and setthng 
velocity (B) estimated by inverse modelling of the SPM concentration timeseries in 
Figure 6.11 B for rising tide. 
temporal variation in concentration (Temmerman et al,, 2003a): 
T T 7 ^ . C Q ,.dH I-J{t)dC 
' ^ dt C{L) dt 
where Co is a reference concentration at time {t) = 1 and Ct is concentration at a 
later time. Settling velocity estimates are generated for the flood tide and presented 
in Figure 6.12 B . Settling velocities are 0.11 - 0.76 mm s~* and apparently peak some 
80 minutes before H W . I t would be erroneous to read to much into these settling 
velocity estimates but i t is interesting to note that they are at least of similar order of 
magnitude to the sample average settling velocities observed for flocculated particles 
within the vegetated flume in Chapter 4 (0.35 - 1.02 mm s~^), of the estimated field 
settling velocities (0,1 mm s"') presented by Temmerman et al. (2003a) and of those 
estimated for the Tavy Estuary (0.1 - 0.2 mm s~*) by Uncles et al. (2003). 
6.5 Summary 
Observations of mean currents, wave conditions, and SPM concentrations for a sin-
gle, characteristic inundation of a sheltered estuarine marsh have been presented, 
A vertical array of velocimeters and OBS sensors allows the synoptic measurement 
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of flow and SPM concentration at 5 positions in the vertical. Current velocities 
are extremely low (typically <0.02 m s~ ,^ but w i th maxima of up to 0.05 m s~^) 
dur ing all periods of inundation. The observation of velocity transients illustrates 
the extreme unsteadiness of the flows that slowly flood the marsh platform. Maxi-
mum wave heights reach 0.08 m but are generally' less than 0.02 m wi th periods of 
1 - 3 seconds. Superimposed upon the weak mean currents, even these small, wind 
generated 'wavelets' have a significant impact upon velocity timeseries, contributing 
a significant proportion of energj^ to the flow and contaminating turbulence esti-
mates. Shear stresses, estimated from wave contaminated timeseries, are generall}^ 
low (<0.2 N m~^) throughout the inundation, except for transient peaks of up to 0.5 
- 0.6 N m"^. These transients appear unconnected wi th variations in mean currents 
or wave climate and their forcing requires further investigation. 
Wave contamination of velocimeter data is resolved using an adaptive filtering 
methodology applicable to the unique data set collected wi th sjmchronous, ver-
tically stacked velocimeters. Adoption of a modified spectral estimation method 
allows dissipation rates and Kolmogorov length scales to be estimated from the fil-
tered timeseries in conditions of very low mean flow and high turbulence intensities 
such that Taylor's hypothesis is violated. Both dissipation rates and kolmogorov 
microscales are generally constant throughout the inundation, attaining values of 
<300x l0 - ' * m - 2s -3 and 90-155 ^.tvi respectively. 
SPM concentrations are low (<100 mg L ~ ^ ) , peaking wi th the in i t ia l flooding of 
the marsh surface as material suspended at the edge of the advancing tide is advected 
onto the marsh surface. Concentrations rapidly decline to low 'background' levels 
which are maintained throughout the remainder of the inundation and drainage of 
the marsh. I t appears that current velocities are insufficient to resuspend material 
during the ebb. This indicates that the marsh is likely to be a sink for material 
advected onto its surface during the flood tide, unless un-observed, shallow sheet 
flow (below the lowest velocimeter/OBS which was positioned at 0.05 m above the 
bed) is capable of exporting un-consolidated sediments f rom the marsh surface to 
its fr inging mudflats. I t has not been possible to obtain in situ measurements 
of suspended particle size or settling velocity. W i t h knowledge of the temporal 
variation in suspension concentration and water depth i t is possible to inverse model 
the settling rate of suspended particles. Estimated settling rates for the flood tide 
show considerable variability and range between 0.1 - 0.79 mm s~^ 
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Chapter 7 
Discussion Synthesis 
Le Hir et al. (2007) has argued that biotic influences on sediment erosion and depo-
sition processes are increasingly in need of integration into predictive models at all 
geomorphic scales, from site to system (mudflat/salt marsh to whole estuary scale). 
Both Temmerman et al. (2007) and D'Alpaos et al. (2006), have recently shown, 
wi th exploratory numerical models, that salt marsh surface vegetation can mod-
i fy ambient hydrodynamics to such an extent that the macroscale features of salt 
marshes, the planform evolution of their substrates and the development of dendritic 
drainage networks across these surfaces, are strongly controlled by the presence of 
macrophyte assemblages. Similarly Spearman (2007) has demonstrated that the 
rephcation of observed patterns of marsh surface accretion in 3-D numerical models 
requires the accurate parameterization of vegetative effects on flow and suspended 
sediment dynamics. 
Without doubt, biogeomorphological interactions have a fundamental role in the 
spatio-temporal development of systems such as salt marshes, whicli are charac-
terised by the prevalence of their biological assemblages and easily distinguished 
from other coastal/estuarine sub-systems by their biodiversity. However, l i t t le de-
t£ul is really known about the bio-physical interactions, couplings and feedbacks 
within these geomorphic systems and how these may contribute to wider coastal 
and estuarine functioning. Any interactions are strongly scale dependant and some 
researchers have argued that bio-physical influences are essentially noise (Bale, pers. 
corams.) when compared against more dominant physical forcings and viewed at 
both large spatial and temporal scales. I t is therefore important to consider, explic-
itly, this scale issue before contextualising the results presented in Chapters 4, 5 and 
6. 
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7,1 Scaling Issues 
The experiments conducted for this study have been concerned with processes op-
erating at scales from individual vegetative elements up to a few metres of canopy 
and occurring over very short time scales. Knowledge of the processes occurring 
at these small scales is helpful for conceptual development of vegetation flow in-
teractions and for the parameterisation of numerical models in which this scale of 
process is important. Of course, for environmental management or decision making 
at system scales such knowledge is not of iiiunediate relevance without integration 
into studies concerned with larger spatio-temporal scales. This does not mean that 
the process which occur at small spatio-temporal scales are not important to pro-
cesses operative at larger scales, just that some caution must be exercised in the 
up-scaling/extrapolation process. Although it might initially seem that there is a 
disparity between the observations in Chapters 4 - 6 and end users interested in 
larger scale processes, a thorough understanding of vegetation-flow interactions at 
the cELnopy scale is a prerequisite for understanding the influence of canopy form-
ing macrophytes on the larger scale process of marsh surface planform evolution 
and vertical elevation adjustment. Knowledge about the structure, functioning and 
temporal fluctuations within natural systems have to be based on a soUd understand-
ing of the systems physical and biological structure, functioning and interrelations 
(de Jonge, 2000). Obviously the present study does not provide information of direct 
relevance to environmental managers, but it does address key issues at small spatio-
temporal scales which may need upscaling to those of functional imits, sub-systems, 
systems and landscapes scales in order to be of use in environmental management. 
This thesis focuses on the influence of a single macrophyte on fluid turbulence and 
SPM dynamics and attempts to elucidate perceptible impacts of the vegetation on 
tlicsc processes. These processes, in turn, influence lai'gcr scales - ultimately erosion 
and deposition at marsh system scale - which, at still greater scales, can affect the 
structure and functioning of entire coastal systems. However, as scales are increased 
in this way, other forcing factors begin to dominate. At the marsh system scale 
seasonal cycles in biotic processes (cycles of macrophyte growth and die-back for 
example) may become increasingly important. So too does the spatial distribution 
of macrophyte assemblages. Salt marshes are typically characterised by mosaic pat-
terns of difl'ercnt species of vegetation and by vegetation that may acts as either a 
sediment stabiliser or destabiliser depending upon the larger scale physical forcings 
(wave stresses, tidal currents, submergence ratio) to which they are subjected. The 
precise response of natural systems to physical forcing thus very much depends upon 
both the spatial and temporal composition, distribution and density of biotic agents. 
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Numerical models axe currently largely exploratory for marsh systems (e.g. exam-
ining the likely directions and magnitudes of change in relation to RSL variations) 
but have the possibility of becoming powerful tools for environmental management. 
For accurate modeUing the representation of processes operating at all scales should 
be included. Tliis, of course, is never the case and some form of 'averaging* is re-
quired to eliminate processes operating at scale ranges significantly below those of 
interest due to inadequately understood physics and also hardware, memory and 
computational speed limitations. Long term simulations (order hundreds of years) 
of marsh evolution typically ignore processes operating at spatiaJ scales associated 
with vegetative canopies and time scales less than tidal cycles for these very rea-
sons. Judgements must be made therefore about which processes should be left out. 
Some researchers argue that at whole system scales, physical forcings such as waves 
and tidal currents have such a dominant effect that biotic influences are reduced to 
noise (Bale, pers. comms.) and can thus safely be ignored. Since understanding 
of small scale abiotic-biotic interactions is rapidly evolving and research is increas-
ingly demonstrating the importance of small scale biotic influences on larger scale 
dynamics (e.g. Temmerman et al., 2007), such assertions appear to be ma l^e without 
considered thought. 
7.2 Hydrodynamic Modifications by S.anglica 
The influence of marsh surface vegetation on ambient, time-averaged hydrodynam-
ics has received considerable attention. In the salt marsh specific literature, the 
influence of vegetation on turbulence structure has received comparatively little at-
tention (see comprehensive review by Allen, 2000). In this thesis, mimic vegetation 
has been used for laboratory experimentation in an attempt to investigate some 
of the subtle influences that S.anglica may have on the structure of marsh sur-
face flows. A number of researchers have previously used mimic vegetation (Nepf, 
1999, Ghisalberti and Nepf, 2004, Bouma et al., 2007) and utmost care has been 
taken to make the mimics as dynamically and geometrically similar to prototypical 
S,anglica as possible. This has been extremely successful, for instance Figure 4.7 
demonstrates the close similarity between profiles of time averaged velocity magni-
tude obtained in the laboratory with the mimic canopy and a range of published 
velocity profiles obtained witliin both mimic and prototypical canopies. Equally, 
similarity between the vertical distribution of a number of turbulent quantities (re-
fer to Figure 4.11) and published comparisons across a wide range of canopy-flow 
interaction studies (Raupach et al., 1996, van Hout et al., 2007) leads to confidence 
in the behaviour of the mimic canopy as a faithful and Eiccurate representation of 
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both a generic 'canopy forming' macrophyte assemblage and specifically a S.anglica 
canopy. The verticEil distribution of obstruction density offered by the artificial 
canopy shows good agreement with biomass distributions for S.anglica presented 
by Neumeier (2005) and Neumeier and Amos (2006). The significant diflferences 
between canopies of real S.anglica and the mimics utilised in this thesis are a) 
the absence of dead/decaying vegetation within the canopy; b) the use of uniform, 
staggered array stem spacing as opposed to random spacing; c) uniformity in stem 
height and other element geometries and d) species homogeneity and e) the lack 
of epiphytic and microscopic biological organisms responsible for sticky biological 
coatings on the stems and leaves of the canopy forming elements. Marsh surfaces 
are not, of course, vegetated by canopies of homogeneous species. Pronounced het-
erogeneity is characteristic, and will necessarily mean significant modifications to 
both the mean and turbulent flow structure since these properties are so strongly 
influenced by the vertical distribution of the obstruction that vegetative assemblages 
present and the small-scale geometry of the elements with which the flow interacts. 
There are, of course, considerable spatial vaxiations in stem density over a typical 
salt marsh surface and temporal variation in density over the growing season. The 
experiments presented in this thesis use a single stem density (characteristic of the 
average stem density at the Blaxton Marsh field site). 
Vertical profiles of time averaged current velocity and Turbulence Kinetic Energy 
show strong similarity with those presented by Neumeier and Ciavoia (2004) and 
Neumeier (2007b) and qualitative similarity with the conceptual model of Friedrichs 
(2004) for flow interaction with dense element arrays illustrated in Figure 2.5 in § 2.2. 
The strong deviation of the flow profile from a logarithmic form typical of flow over 
smooth substrates is characteristic of canopy flow and observed in all canopy flow 
interaction studies (e.g. Leonard and Luther, 1995, Christiansen et al., 2000, Ghisal-
berti and Nepf, 2002, Neuraeier and Amos, 2006). Flow reduction within the canopy 
is strongly correlated with the amount of obstruction, and therefore drag, that the 
canopy offers to the flow. Momentum absorption is at its greatest at the point where 
obstruction density is greatest and this correlation has been noted by Leonard and 
Luther (1995), Leonard and Reed (2002) and Neumeier and Ciavoia (2004) amongst 
others. The laboratory profiles of flow through vegetation demonstrate a pronounced 
inflection in the region z/h= 0.75 - 0.9) associated with drag discontinuity between 
the mimic canopy ajid free-stream flow above the canopy. Flow speeds are strongly 
accelerated above the canopy and attenuated within. The collapse of most published 
normalised canopy-flow profiles suggests that the inflected profile shape is charac-
teristic of such flows. Further, since the verticsd w i a t i o n in mejin stream wise flow 
correlates well with the vertical variation in obstruction density (or bioraass distri-
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bution), it might be possible to anticipate the shape of the profile from knowledge 
of the vertical variation in obstruction density. Published velocity profiles from field 
observations typically show considerable variabiUty in vertical profiles of flow prop-
erties (e.g. Leonard and Reed, 2002, Neumeier and Ciavola, 2004) and flows above 
zlh= 1 are generally significantly smaller than observed in the present laboratory 
experiment. Such accelerations above the canopy or strongly inflected velocity pro-
files are not evident in the field data presented in Chapter 6 due to the low flow 
energies over the full depth at this height. I t is unlikely therefore that predicting 
velocity profiles from only a knowledge of the biomass distribution would be robust 
under all conditions since the flow forcing must be taken into account. The lack 
of a significant vertical gradient in the velocity profiles obtained from field obser-
vations in Chapter 6 might also suggest that there is considerable bias introduced 
into field observations which utilise smaJl averaging intervals in wave dominated en-
vironments. Alternatively the low flow velocities and lack of vertical structure may 
be explained by flow routing around vegetation in the field which is likely to be a 
more common occurance than the acceleration over the top of the canopy that is of-
ten observed in confined channel experiments. Caution must be exercised therefore 
when interpreting the wider significance and implication of laboratory observations 
of strong shear and peaks in TKE and Reynolds Stresses at, or near, the canopy 
top. 
The reductions in near-bed mean velocity of 70 - 80% demonstrated by Wid-
dows and Brinsley (2002) and Graliam and Manning (2007) between un-vegetated 
Eind vegetated flows are ver>' similar to those observed in Figure 4.6. The conceptual 
model of Friedrichs (2004) and the laboratory experiments of Widdows and Brins-
ley (2002) also demonstrate that stem density, which has not been considered in 
the present study, has a very significant efl:ect on velocity reduction. Near bed flow 
speeds in the laboratory data of < 0.05 m s"^are of similar order of magnitude to the 
field observations in Chapter 6 and those presented by Leonard and Reed (2002). 
The conceptual models for canopy-flow interactions, borrowed from the atmospheric 
sciences and outlined in § 2.2.3, have never before been linked to the dynamics of salt 
marsh canopy-flow interactions. The submerged canopy flow model provides an elo-
quent explanation for the observed inflection in the velocity profile in the S. anglica 
experiments. This model should be favoured over outdated 'skimming flow' expla-
nations typically utilised to explain variations in stream-wise velocity and peaks in 
TKE and shear stress in the region of the canopy top. Time-averaged T K E profiles 
(Figinre 4.9) exhibit elevated levels at the canopy top associated with high velocity at 
this location and the shedding of coherent vortices from the inflected velocity profile 
(Raupach et al., 1996). T K E levels near the bed, in the vegetated experiments, are 
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approximately equal to those observed in un-vegetated experiments despite a 60 -
70% reduction in the current velocity in this region. They are in agreement with 
the detailed laboratory observations of Neumeier (2007b) but are an order of mag-
nitude lower than the wave contaminated field observations of TKE in Chapter 6 
and those of Pope et al. (2006). Turbulence intensities have been shown to be high 
within the quiescent flows deep v/ithin the canopy and are produced by wake eddy 
shedding from the vegetative elements. Leonard and Reed (2002) show, from field 
data, that ufi is a factor of 1.5 - 2 greater than 1^ /3 as a consequence of shedding 
from vegetative elements, van Hout et al. (2007) demonstrates similar unequal dis-
tributions of small scale energy between horizontal and vertical components within 
flow through an atmospheric canopy. Such turbulence augmentation may play a role 
in the maintenance of suspended particles in suspension and facilitate the advection 
of fine sediments into the interior marsh. The balance between velocity reduction 
and augmented turbulence intensities is extremely important when considering the 
influence of macrophytes on suspended sediment dynamics and is considered further 
in § 7.3. 
Canopy flows, although largely quiescent in a mean sense (average velocities 
within the canopy itself are generally less than 0.1 m s"^) are characterised by 
strong intermittency in fluctuating velocities. At, or in the vicinity of, the cajiopy 
top, the non-gaussian distribution of velocity skewness (Figure 4.11 C), the prefer-
ence of ufi > 0 and uf^ < 0 and strong peaks in both T K E and Reynolds stress are 
indicative of organised, or coherent, vortical motions occurring. Figure 4.11 B illus-
trates that these motions are extremely efficient at the downward transportation of 
momentum but that they are limited in the vertical extent because the densest por-
tions of the S.anglica canopy is able to absorb their momentum extremely quickly. 
Ghisalberti and Nepf (2002) were able to observe distinct peaks in the stream wise 
frequency spectra near the top of a seagrass canopy associated with shedding of 
such organised structures from the inflected velocity profile created by the canopy. 
Spectral analysis of the flow through the S.anglica canopy (Figure 4.12) has failed to 
identify such prominent peaks in these laboratory experiments. The principal reason 
for this is a slight imbalance in the annular lid which periodically forces the flume 
at a similar frequency to the anticipated shedding frequency of coherent structures 
at the canopy top. The occurrence of coherent structures propagating across the 
top of fully submerged canopies in the field has been postulated as feasible (Allen, 
2000). Given the generally low mean flow velocities observed in the field results, the 
assumption that coherent structures are present, and that they have a discemable 
influence on the momentum transfer and scalar mixing, ought to be questioned. 
Ghisalberti and Nepf (2002) observe coherent shedding only at mean velocities in 
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excess of 0.1 m s"\ a velocity greatly exceeding those observed in Figure 6.1 or 6.2. 
Perhaps under conditions of higher mean flow, or under larger wave forcing, such 
coherent vortex generation might occur (in the case of wave forcing such shedding 
will be synchronous with the wave period and exceptionally unsteady) but field 
observations of such canopy top shedding and a conclusive consideration of their 
effect on canopy flow dynamics remain to be obtained. The possible occurrence of 
such c£mopy top shedding phenomena in the flume experiments conducted during 
this study are unlikely to have a significant impact upon processes operating deep 
within the canopy or near the bed since the upper levels of the vegetation (where 
obstruction density is maximal) are capable of strongly extracting momentum from 
these structures. The stem region of the laboratory canopy flows, therefore provides 
a good analogue for the flows observed at the Blaxton Marsh field site and it is 
probably wise to ignore the processes operating in the laboratory experiments in 
the region of the cajiopy top. 
From Quadrant-Hole analysis of canopy flows Shaw et al. (1983) and Raupach 
and Thorn (1981) have shown that extreme events contribute significantly to the 
average Reynolds stress and that at the canopy top fluid motions are dominated 
by Quadrant 2 (sweeping) motions and near the bed Quadrant 4 (ejection) motions 
dominate. The low flow velocities in the laboratory experiments created by the pres-
ence of the canopy means that the duration of occurrence of any of the four quadrant 
'events' is greatly reduced in comparison to un-vegctated flows (Figure 4.21), The 
duration fraction reduces extremely quickly with increasing size of the hyperbolic 
hole in comparison to observations from the un-vegetated flume (4.19). In other 
words there is a pronounced reduction in really extreme events across all quadrants 
which is directly linked to both the reduction in mean velocity and the size of the 
characteristic eddies which exist within the vegetated flows. Str^s fraction esti-
mated for the vegetated experiments (4.22) show that, even though the duration 
fraction of events near the bed are reduced, events from all four quadrants con-
tribute significantly to the averaged Reynolds Stress as the hyperbohc hole size is 
increased. This is due to the fact that, although there are infrequent events at large 
hole sizes, the turbulence intensity in the near bed region is high due to shedding 
from the vegetative elements. This is at odds with the observations of Raupach 
and Thom (1981) and Zhu et al. (2006b) who observe a decay in the stress frac-
tion of the sweep quadrant with decreasing elevation. However, the observations 
of Raupach and Thom (1981) and Zhu et al. (2006b) do not descend fully into the 
canopy. Zhu et al. (2006b) have also shown that within the upper canopy, under at-
mospheric flows, the duration fraction of sweeps and ejections are generally greater 
than those from the interaction quadrants and that at the canopy top sweeping mo-
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tions dominate, while with descent into the canopy ejection like motions increasingly 
dominate. From the laboratory Quadrant-Hole data presented in Chapter 4 there 
is not a clear picture of sucli separation of events across the height of the canopy. 
Ejection like events appear to equal or even dominate sweep events over the full 
height. Quadrant 1 interactions, however, generally make equal contributions to 
the stress fraction except at elevations above the canopy. Such confusion in the flow 
structure is indicative of the influence that vegetative elements have on the fine scale 
structure of the flow. 
At smallest length scales, component spectra demonstrate that the flows deep 
within the canopy and in proximity to the bed have characteristic length scales that 
scale with the geometry of the canopy forming elements (Nepf, 1999, Poggi et al., 
2004) and that energy is shunted from large to small scales by interaction with the 
vegetative elements. Such processes are well documented in canopy flow studies 
(e.g. Raupach et al., 1996, Zhu et al., 2006a). Velocity spectra derived from the 
u/2 component do exhibit a slight bump at frequencies around those expected for 
this scale of shedding (Figure 4.16) but there are no clear peaks that can easily 
be identified as indicative of the scales of eddy shedding expected near the bed. 
There are several possible reasons for this, the first is that shedding is occurring at 
a multiplicity of length scales (since a range of geometries - from stems to leaves -
exist within the canopy) and there is, therefore, no pronounced peak; the second 
reason may be associated with the spatial averaging of the flow statistics which is 
undertaken. This is designed to remove some of the small scale flow heterogeneity 
and provide representative statistics. I t may be possible that such averaging masks 
any stem shedding signature. However, extensive examination of spectra from indi-
vidual velocity measurements (i.e. before spatial averaging is performed) has failed 
to identify any locations at which prominent spectral peaks at stem shedding fre-
quencies can be observed. Shedding definitely occurs, however, since it is this action 
that elevates both the observed turbulence intensity and T K E within the canopy in 
comparison to un-vegetated conditions. Compfurison of the spatially averaged near-
bed flow quantities in Chapter 4 and those single point measurements presented in 
Table 5.1 of Chapter 5 shows some disparity which can be accounted for by the 
spatial averaging operation. 
Velocity spectra in both the un-vegetated and vegetated flows exhibit consider-
able anisotropy (Figures 4.12 and 4.13) thus one of the principal assumptions for 
estimating dissipation rates for turbulence kinetic energy by the inertial subrange 
method is violated. To further complicate matters, the presence of vegetation vi-
olates assumptions about the homogeneity of turbulence and the energy cascade 
in the inertial subrange can be short-circuited making dissipation rates estimated 
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from spectral slope fits increasingly erroneous. In vegetated flows direct shunting 
of energy from large to small scales occurs because the canopy acts as a grid, or 
mesh, dissecting the flow and Finnigan (2000) has asserted that a -5/3 fit to the 
Inertial Subrange overestimates the cascading energy flux. Zhu et al. (2006b) esti-
mate that dissipation rates estimated from ISR fits overestimate the true dissipation 
by about a factor of 2 within the canopy. Despite these limitation an estimate of 
the dissipation rate within vegetated flow is required in order to estimate the Kol-
mogorov microscales, the smallest length scales within a flow, which may have an 
impact upon suspended sediments. Estimated dissipation rates are considerably 
larger than un-vegctated flow estimates, and in the laboratory experiments, exhibit 
considerable verticEil variation. Dissipation peaks where obstruction density (and the 
occurrence of fine scale vegetative leaves), and hence turbulence intensity, is greatest 
(Figure 4.14 C). From the field observations, Taylor's hypothesis is strongly violated 
due to the low velocities and high turbulence intensities. Dissipation rates are con-
sequently estimated using a methodology developed for zero-mean flows (Stiansen 
and Sundby, 2001) and are of similar magnitude to the laboratory estimates (25 
- 300 and 50 - ISOxlO"** m~^s~^ respectively) but do not appear to exhibit any 
coherent vertical variations. Dissipation estimates are of similar magnitude to those 
estimated by Bryan et al. (2007) [10 - 320x10"'* m'^s"^] and Nimrao Smith et al. 
(2005) (24.2x10"'* m"^s~^]. However, these estimates are at least an order of mag-
nitude smaller than dissipation rates estimated by van Hout et al. (2007) [900 -
1800x10-" m - V ^ ] and Zhu et al. (2006b) [15800 - 96600x10"'* m"2s"3]. Zhu et al. 
(2G06b) conclude that although dissipation estimates from within canopies may not 
be liighly accurate, they are at least within the correct order of magnitude and thus 
accurately reflect the real vertical variations. The field estimates of dissipation are 
remarkably constant over the duration of inundation, unlike those observed for flows 
over seagrasses (Bryan et al., 2007) which exhibit a marked increase during the flood 
tide. This invariance is attributed to the low energy in the particular marsh system 
studied. 
Kolmogorov length scales appear to be similar between the laboratory and field 
study (30 - 150 ^m and 80 -150 ^m, respectively). Like the field dissipation rates, 
Kolmogorov microscales for the field observation exhibit stationarity over the entire 
inundation. Laboratory length scales are reduced in vegetated flows in comparison 
to those which are vegetation free. The impact upon suspended sediments, since the 
Kolmogorov microscale has been suggested as a theoretical upper limit to suspended 
particle size (van Leussen, 1997), is considered in § 7.3. 
Before the effects of the interaction of canopy and suspended sediments can be 
addressed, the question of "how representative the laboratory experiments are of 
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field conditions" requires addressing. Laboratory experimentation allows controlled 
manipulation of forcing variables. From the outset, no attempt has been made to 
fully mimic a typical salt marsh environment. Field conditions are generally dom-
inated by short period wind waves, and the oscillating currents which these waves 
generate. Such oscillations are more effective at developing high bed shear stresses 
than similar magnitude uni-directional currents (Teeter et al., 2001). Experiments 
in the laboratory have been conducted under uni-directional currents at one rep-
resentative velocity and, what has turned out to be, a narrow range of suspension 
concentrations. Field observations (Chapter 6) show current magnitudes less than 
0.06 m s"* during marsh flooding and less than 0.03 m s"* during drainage. Near-
bed current velocities in the laboratory experiments are within this range (between 
0.02 and 0.07 m s~ )^ but both field and laboratory observations are lower than 
current velocities observed on larger, open coast marshes (e.g. Van Proosdij et al., 
2006, Neumeier and Amos, 2006). The high velocities (approximately 0.2 m s~ )^ 
generated at the canopy top in the laboratory experiments have been commented 
on earlier in this chapter and are un-representative of the field conditions observed. 
During inundation high velocity flows are more likely to be diverted around vegeta-
tive stands than forced over the canopy top and, except perhaps for small grasses or 
at very high velocities the full profile observed during the laboratory experiments is 
unlikely to develop in the field. Although the macrophyte canopy was completely 
submerged during the field experiments, flow velocities were so low that coherent 
shedding from the canopy top is thought extremely unlikely. Crucially, orbital wave 
motions cannot be created in the current laboratory setup. Observed wave heights in 
the field were less than 0.07 m but are capable of generating orbital velocities which 
are equal to the observed, time averaged current velocities. Such motions, though 
small, dominate individual flow components (evident in component spectra) and are 
likely to be extremely effective at vertically mixing suspended sediments. Reported 
wave heights £u-e obviously extremely variable, Leonard and Croft (2006) observed 
wave heights of less than 0.15 m while Moller and Spencer (2002) show significant 
wave heights of 0.20 - 0.30 m for a significantly more exposed marsh than studied 
here. Conditions during the field experiment presented in Chapter 6 were extremely 
calm and under high winds it may be expected that wave heights grow up to 0.3 
m. Turbulence Kinetic Energy estimated from the wave contaminated time series 
obtained in the field cover the range 0.2 - 2.5 N m~^ and are significeintly higher than 
T K E estimated in the laboratory (0.05 - 0.08 N in the near bed region and 0.1 
- 0.5 N m~^ in the mid canopy). Both laboratory and field values of near bed T K E 
are at or significantly below the lowest shear hmit suggested, in Chapter 2 § 2.4.1, 
for the collision frequency of suspended particles to be sufficient for shear mediated 
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flocculation to occur. Based only on hydrodynamic considerations, i t would appear 
that the turbulence levels generated by flow through S.anglica is insufficient to cause 
any changes in the flocculation of suspended particulate matter. 
7.3 Modifications to Suspension Concentrations 
and Particle Characteristics 
Few quantitative studies of fine sediment dynamics witliiu the over marsh water col-
umn or on the efficiency with which vegetated marsh surfaces trap tidally advected 
sediments exist (French and Burningham, 2006). Both Houwing et al. (2002) and 
van Proosdij et al. (2000) have indicated from limited field measurements that flow 
through vegetation have largely uniform vertical distributions of suspended sedi-
ment concentrations. Profiles of suspended sediment concentrations obtained from 
laboratory experimentation in Chapter 5 and the field observations, with relatively 
coarse vertical resolution, presented in Chapter 6 tend to confirm these observations. 
There is an absence of obvious stratification in either field or laboratory results and 
there are no major differences between the distributions of suspended sediments 
in un-vegetated and vegetated flows. Laboratory observation of suspended sedi-
ment clearance rates, however, show pronounced differences between flows \v\ih and 
without mimic vegetation. Vegetated experiments appear to maintain sediments in 
suspension for appreciably longer time scales than in the un-vegetated flows. This 
is associated with the elevated turbulence intensities witliin the mimic S.anglica 
canopy. Initially, these observations seem contrary to the generally unquestioned 
axiom that deposition is promoted within vegetated flows. Such maxims stem from 
observations of mean velocity reduction within vegetated flow, but fail to consider 
the competing role of elevated turbulence intensities, in the maintenance of partic-
ulates in suspension and their mixing over the water column. Romano et al. (2003) 
present concentration time series from a laboratory experiment that appear to show 
elevated clearance rates, i.e. enhanced deposition, in the presence of the algae En-
teromorpha intestinalis in comparison to bare substrates. However the authors do 
not account for the current reduction that occurs - in a similar mamier as has been 
shown in Chapter 4 to occur with S.anglica- when Enteromorpha is introduced such 
that the comparison is between two totally different flows. Normalisation of concen-
tration data (as illustrated in Figures 5.2 and 5.3 goes someway to alleviating this 
problem and reveals some of the subtleties of the vegetation-flow interaction. 
One significant issue with the experiments pr^ented in Chapter 5 is the small 
range of suspension concentrations experienced. Despite planning for a range of 
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750 ing L"^using nomuial concentrations of 250 - 1000 mg L " ^ the logistical com-
plications of working in a large annular flume limited the observed concentrations 
to a range of some 100 ing L"*. Adding the sediment required to achieve target 
nominal concentrations within the annulus, ensuring this sediment was thoroughly 
mixed throughout the water coluimi and allowing time for the water mass within 
the flume to fully equilibrate with the imposed shear took approximately 30 min-
utes. During this time it is obvious from the time-averaged MOBS data presented in 
Tables 5.2 and 5.3 that the majority of the suspended particulates, especially in the 
higher concentration experiments, quickly settled from suspension. This resulted in 
concentration fields witliin the flume being substcuitially below the anticipated con-
centrations. This removal of the 'rapid' settling fraction, which are likely to be the 
largest size fractions in suspension (and in dis-equilibrium with the imposed shear), 
has significant implications for the particle sizes and settling velocities observed us-
ing the laboratory modified Submersible Digital Holographic Particle Imager and 
discussed in the following section. Fractionation - the splitting into discrete size, or 
settling velocity based fractions - of the suspended particles is likely to have occurred 
as a result of both direct settling to the bed and to the surfaces of the mimic veg-
etation. This undoubtedly influenced bulk suspension concentrations, contributing 
to the large discrepancy between nominal and observed suspension concentration 
estimates. Casual observation at the end of each experiment with vegetation did 
indeed show that the vegetation mimics were covered with a fine layer of deposited 
sediment. Previous research has shown that in the field, direct capture of suspended 
sediments to vegetative surfaces accounts for a very small proportion of sediment 
loss from suspension (refer to § 2.3.2 for details) and thus the fractionisation is a 
direct result of the low velocities during the initial spin-up of the annular flume. 
Field observations of suspension concentration demonstrate an imtiaA peak (up to 
approximately 100 mg L~^) during the first 30 minutes of inundation and then a 
strong decay in suspension concentration. Constant, low suspended sediment con-
centrations are maintained over the duration of the inundation and drainage of the 
marsh. Similar trends have been observed by Reed et al. (1999) and Leonard and 
Reed (2002) and are indicative of advection of high concentrations onto the marsh 
surface at the beginning of inundation, partial deposition of suspended sediments 
(immediate depletion of coarsest fractions with the highest settUng velocities) to a 
steady state 'back-ground* suspension concentration and then limited (if any) re-
suspension on the ebb (Temmerman et al., 2003b). The 'back-ground' suspended 
concentrations may be advected further into the marsh interior and deposited there 
(FVench, 1993, Kastler and Wiberg, 1996) or remain permanently suspended and 
be exported from the over marsh waters during the ebb. Such patterns are indica-
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tive of supply hmited deposition (Leonard and Reed, 2002). Laboratory suspension 
observations tend to suggest that the majority of SPM is lost from suspension imme-
diately, due to the large reduction in mean current velocity, and that a back-gromid, 
steady state concentration whicli is in (quasi-)equilibrium with the flow forcing is 
maintained for the remaining duration of the experiments. 
Floe sizes, settling velocities and effective densities derived using the Submersible 
Digital Holographic Particle Imager (a discussion of the this instrumentation and the 
automated processing procedure developed for this study can be found in § 7.4.2.) 
from un-vegetated experiments are generally well within the ranges which have been 
reported in previous studio (e.g. Manning and Dyer, 1999, Manning, 2004b, Gra-
ham and Manning, 2007). The power law relations between settling velocity and 
floe size, and effective density and floe size (Figures 5.6 A and B) are characteristic 
of flocculated particles and arc observed consistently in a wide range of environ-
ments (see for example Graham and Manning, 2007, Figure 8). The maximum floe 
size and settling velocity observed in un-vegetated experiments was 422.48 ^m and 
4.97 mm s~^ In vegetated experiments they were 494.99 fim and 5.72 mm s"^ 
Maximum floe sizes are similar to those produced in laboratory experimentation by 
Manning et al. (2007) and by Graham and Maiming (2007) who used similar, though 
not identical floe imaging techniques to the present study. Sample mean settling ve-
locities however are about 5 times smaller than those reported by Manning et al. 
(2007) but similar to those measured by Graham and Manning (2007). The small 
settUng velocities in comparison to published studies of open water flocculation may 
be an indication of a distinct difference between floe samples from open water and 
those from vegetated waters. I t might also indicate that a fast settling fraction has 
already been removed from suspension leaving a slower settling, background frac-
tion to be sampled by the SDHPI. Conceptually, at least, it seems that suspended 
particle characteristics (i.e. size and settling velocity) could be modified by large 
changes in ambient hydrodynamics initiated upon the introduction of vegetation to 
a flow. In discussion of the hydrodynamic modifications induced by S.anglica it 
became apparent that TKE and shear levels in both laboratory and field flows were 
below accepted limits for open water, shear mediated flocculation. However, there 
are relatively few observations of flocculation dynamics at such low T K E or shear 
levels and the presence of the vegetation itself may have an influence, via mechanical 
aggregation/disaggregation, on the particle sizes in suspension. In order to assess 
such changes, full spectral grain size distributions were compared in Figure 5.7. I t 
is apparent that, despite subtle variations in the location of the modal size class and 
the appearance of secondary modes in some samples, there were few major differ-
ences between the distributions derived from un-vegetated flows and those derived 
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from flows with vegetation. Quantifying differences between floe size and settling 
velocity distributions with any form of robust statistical measure has proved rather 
futile. The strongly non-normal probability distribution of both size and setthng 
velocity, as well as the heterogeneity of variances between samples, violates the 
assumptions of standard parametric statistical tests to assess differences between 
populations Euid makes statistically significant differences between floe populations 
from vegetated and u-vegetated flows difficult to distinguish. Non-parametric tests 
are of substantially lower power and the application of a Mann-Whitney U test 
shows no consistent, significant differences between floe samples. Previous stud-
ies have largely resorted to lengthy descriptions of the minute variations between 
grain size distributions in an effort to compare subtle differences between them. 
Mikkelsen et al. (2007) applied Entropy analysis to floe size spectra and there exist 
a number of analytical models for describing grain size distributions (Flenley et al., 
1987, Fieller et al., 1984, 1990). However, these techniques generally require a large 
number of Sfunples from which to clearly identify trends and as such cajuiot be suc-
cessfully applied to the 12 floe samples obtained in this study. The bimodal grain 
size distributions apparent in some fioc samples results from aggregation processes 
involving the break-up of large particles, multiple sources of small particles and vari-
able growth rates within the suspensions. Dyer et al. (1996) has suggested that floe 
size distributions which exhibit bimodality should be split into their separate modes, 
each considered as separate subpopulations. This enables the often subtle variations 
in the relative ratios between the subpopulatioiis to be examined. Subpopulation 
ratios (microfloc:macrofloc) from this study show no consistently significant differ-
ences between samples across the range of concentrations and shears considered. 
Because the range of experimental parameters was small, Log Linear Analysis was 
unable to shed any light on significant groupings of the floe samples. In sununary, 
i t appears from the limited data set collected during this study that there are no 
significant differences between floe samples obtained in vegetated flows auid those 
from un-vegetated flows. Consequently, there are no practicad differences in terms 
of the settling rate or settling flux between vegetated and un-vegetated flows. I t 
appears, from the data set collected here, that vegetated and un-vegetated flows 
can be treated as identical with respect to the floe sizes and settling velocities that 
they contain. A caveat, or two, is appropriate at this juncture since the floe samples 
obtained for this study are only a single 'snap-shot' in time of the behaviour of the 
suspended particles from a very limited range of shear and suspension concentra-
tions. If floe sampling was to have been initiated earher in time (i.e. immediately 
upon addition of sediments to the flume), or averaged over multiple simultaneous 
samples, the picture may have been quite different. However, in the former situation 
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floe sizes and settling velocities would have been in disequilibrium with the imposed 
shear stresses witliiu the flume and therefore un-representative of sizes and settling 
velocities typical of canopy flows. At best, the laboratory samples collected represent 
the state of flocculation at quasi-equilibrium with the flow within the canopy 
Sample mean particle settfing velocities from the laboratory experiments are 
compared to other published marsh surface observations or estimations of suspended 
settling velocity in Figure 5.12. There is general agreement between the sample mean 
settling velocities from this study and those previously observed or ^timated, though 
the current estimates tend to be marginally higher than previous observations. In-
situ observations of size and settling velocity are rare in open water, even more rare 
in vegetated flows. As a consequence, indicative setthng velocities in the field have 
been estimated by inverse modelling of the temporal evolution of the concentration 
field (following Tcmmcrman ct al. (2003a)). These estimated velocities (0.01 - 0.4 
ram s~ )^ are in general agreement with those illustrated in Figure 5.12 (0.18 - 0.8 
mm s~*) and with the sample mean settling velocities estimated from the laboratory 
experiments (0.35 - 1 mm s"^). Significantly, the range of observed settling velocities 
is higher from the laboratory experiments than any previous observation or estima-
tion. Additionally, the range of settling velocities observed during the laboratory 
experiments is higher than have previously been incorporated into marsh surface 
numerical models. Since it is the largest, fastest settling suspended particle that 
dominate the mass settling flux, the use of a particle size or settling velocity that 
underestimate the actual size or settling velocity of suspended aggregates, or as in 
the case of sample mean settling velocities, are heavily skewed towards the principle 
mode (which in floe samples is small, slow settUng particles), may have a significant 
impact upon estimation of the mass flux and therefore the deposition rate. Most 
numerical marsh models calculate the settling flux as a product of constant settling 
velocity and a time-varying suspension concentration (Allen, 1990, FVench, 1993, 
Temmerman et al., 2003a, French and Burningham, 2006). Figure 5.13 illustrates 
the consequences of using the sample averaged settUng rate to estimate mass set-
tling flux (calculated in Table 5.9). As a consequence the actual settling flux is 
significantly underestimated. Averaged over the 12 samples, this underestimate is 
approximately 62%. French and Bumingham (2006) utilises a constant settling ve-
locity, reasoning that there is little evidence for a discernable, systematic variation in 
settling velocity for the low concentrations typically encountered on a marsh surface. 
Teeter et al. (2001) propose that the reason for this is that for SPM concentrations 
of less than 300 mg L"^ the collision frequency of suspended particles are too in-
frequent to promote aggregation. There is httle published experimental work on 
flocculation at low concentration and/or low turbulent stress. Clearly the floe sam-
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pies presented in Chapter 4 and Appendix D display various orders of aggregation, 
illustrating that the flocculation process is active at relatively low concentration (100 
- 300 mg L - \ Table 5.1) and shear magnitude (0.015 - 0.09 N m'^ , derived from 
T K E in Table 5.1) thought to be well below those required to promote flocculation. 
I t is not clear on what evidence arguments for constant settling velocity are based. 
Accurate parameterisation of the size and settling velocity of suspended sediments 
in marsh environments requires good quality in situ observations to assess the de-
gree of temporal variability in these floe properties over tidal - seasonal time scales. 
Increasing settling velocities from those currently utilised in exploratory numeri-
cal modelling would increase the accuracy of settling flux estimates, and thus the 
magnitude of deposition, as well as increase predictions of marsh surface sediment 
retention/sequestration efficiency. Of course, the importance of settling velocity pa-
rameterisation depends upon the scale at which marsh systems are modelled. For 
small space and time scales at high resolution, i.e. modelling a marsh system with 
fully 3D hydrodynamic code, accurate settling flux parameterisations are crucial. I t 
is currently open for debate whether settling velocity variations strongly modify the 
outcome of exploratory simulations over time scales of hundreds of years (compare 
for example Woolnough et al. (1995) and Temmerman et al. (2004b)). Of course, 
at such large scale other forcing factors such as SPM concentration, RSL variations 
and hydroperiod become dominant but further observational and modelling studies 
remain to be performed in order to examine this issue. 
The need to improve representations of particle settling velocity variations in 
numerical models of marsh evolution was highlighted in § 2.4.2. Observed microfloc 
and macrofloc settling velocities as well as the computed mass settling flux for veg-
etated and un-vegetated flows have been compared with a state-of-the art empirical 
flocculation model (Manning, 2004a) in § 5.3.4. Although too complicated (since it 
requires estimates of shear stresses) for implementation in long term, exploratory 
models such a method for setthng flux prediction can easily be incorporated into high 
resolution models (e.g. Baugh and Manning, 2007) that might be appUed to marsh 
systems. However, the empirical flux model underestimates all observed quantities 
(floe fraction settUng velocity and setthng flux). This should not come as a surprise 
since the range of experimental shear stresses and suspension concentrations are at, 
or below, the limit of model applicability. Further r^earch is required to fill the 'low 
shear, low concentration' gaps in the model formulations illustrated in Figure 5.16. 
Finally, no consideration of suspended fine sediment dynamics and their relation 
to hydrodynamics would be complete without an examination of the impact of the 
Kolmogorov microscale since it has been proposed that this scale limits the max-
imum size of suspended particles (van Leussen, 1997). A number of investigators 
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have shown reasonable agreements between the mean floe size and the Kolmogorov 
length scale (Mikes et al., 2004, Maggi et al., 2006). Analysis of the relationship 
between metrics of characteristic particle length and the Kolmogorov length scales 
of the laboratory flows was presented in Figures 5.11(a) and 5.11(b). In the case 
of most tested metrics for un-vegetated flows there appeared to be some reasonable 
evidence that an upper size limit is imposed by the Kolmogorov length scale. In 
particular, the sample median longest axis was within or below the Kolmogorov 
length scale for all experiments. For vegetated experiments the limiting relationship 
is much less distinct. There are a number of possible explanations for this. First 
and foremost it must be remembered that the dissipation rates in vegetated flows, 
from which the Kolmogorov length scale is derived, is error prone due to spectral 
short-circuiting (Finnigan, 2000), high turbulence intensities and violation of funda-
mental assumptions required for estimating this quantity. The Kolmogorov length 
scales presented for vegetated flows may therefore be erroneous, although it is im-
possible to quantify how erroneous without an independent method of estimating 
the dissipation rate. Secondly, the derived length scale, at best, roughly approxi-
mates a time averaged quantity about which instantaneous values of the Kolmogorov 
length scale will fluctuate and the sizes of particles in suspension will respond to 
these fluctuations (with some time lag). Bouyer et al. (2005) has hypothesised that 
the Kolmogorov length scale correlates best with the most commonly occurring floe 
size. The presentation of full spectral floe samples in Chapter 5 demonstrate that 
this hypothesis of correlation between floe size and Kolmogorov length scale is un-
substantiated for the samples collected in the present experiments. In all cases, the 
estimated Kolmogorov length scales are far in excess of the principal mode in the size 
distributions. Since the Kolmogorov length scale may be fluctuating considerably 
in time, it is unsurprising if, at any one time, there are some floes larger than, and 
some floes smaller than the Kolmogorov length scale. Finally, Winterwerp (1998) 
has postulated that the relationship holds only for floes which are in equiUbrium with 
the ambient hydrodynamics. Observation of suspended particles in dis-equilibrium 
with the near-bed flow field within the canopy would also mean that the chances of 
observing particles with dimensions greater than the Kolmogorov length scale was 
increased. Other researchers have noted disparities between estimated Kolmogorov 
microscales and floe size metrics. For example Fettweis et al. (2006) observed mi-
croscale lengths to be 3 - 6 times greater than floe sizes, while Fugate and Friedrichs 
(2003) and van Leussen (1997) observed small factor discrepancies between particle 
sizes and estimated microscales. 
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7.4 Successes and Limitations of Instrumentation 
&; Methodology 
In the final section of this chapter some of the key successes and lessons from experi-
ence with the instrumentation and experimental methodology are outlined. Despite 
the identification of limitations in existing, published research on canopy flow inter-
actions in Chapter 2 and the design of the experimental method to address some of 
these shortcomings (Chapter 3) the present study has limitations of its own which 
are important to acknowledge before proceeding to draw conclusions and make rec-
ommendations for further study in the chapter which follows. 
7.4.1 AnnulEir Flume 
The flume used for the experiments presented in Chapters 4 and 5 is extremely large. 
Tliis has the benefit that scales of fluid motion within the flume can be larger than 
those created in flumes of smaller dimensions (e.g. Widdows and Brinsley, 2002, 
Pope et a l , 2006). The flow within the large annulus therefore mimics field scales 
better than smaller alternatives. The overall size however, makes it cumbersome 
to operate. The time required to spin up the water mass and ensure a thorough 
mixing of suspended sediments throughout the water column has certainly had neg-
ative impacts upon some experiments since the range of experimental suspension 
concentrations were smfiller than initially planned and the range of mean velocity 
and shears experimented with reduced due to time limitation. 
The curvature of the annular channel also presents some significant issues. Such 
a curvature has been shown, numerically, to induce strongly three-dimensional flows 
over the full water depth (e.g. Graham, 1989, Graham et al., 1992) which would not 
otherwise be observed in a straight, recirculating flume for example. A sfight imbal-
ance in the annular lid has been shown to exist which causes a periodic forcing of the 
water in the annulus. This energy injection can be seen in the low frequency, or low 
wave number, limits of all spectra in § 4.3 as pronomiced peaks. The lid imbalance 
had a frequency of approximately 0.02 Hz at a flume R P M of 1.42 Unfortunately, this 
forcing periodicity is extremely close to the shedding frequency signature of coherent 
structure ( K - H instabiUties) which may occur at the top of the submerged canopy 
{/KH = 0.07 Hz). Although a peak can be observed at this frequency in many of the 
spectra presented, energy densities are small and it is consequently difficult to con-
clusively identify. In addition, harmonics from the lid instability occur at the same 
frequency as the predicted K - H shedding frequency further compounding conclu-
sive identification. The lid instability is sufficiently separated from predicted wake 
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shedding frequencies (0.4 - 6 Hz) such that there is httle interax;tion (e.g. straining) 
between the large scale periodicity induced by the lid instability and the small scale 
instabilities induced by wake eddy shedding from the submerged vegetation. Since 
the flow in the annulus is driven by surface shear, pressure driven flows (driven by 
water surface slopes) and wave superimposition upon mean currents, which typify 
field observations, cannot be simulated. The dynamics of canopy flow interactions 
under conditions of varying water level cannot be investigated since the flow regime 
is fixed at full submergence. To counter some of these limitations, straight recircu-
lating flumes could be used to study the details of velocity structure within canopies. 
Flumes of this type however, have their own serious limitations when it comes to 
investigating the dynamics of cohesive suspensions. Finally, the vegetation of the 
flume was fixed at a single stem density, height and species composition. Clearly, 
this does not mimic well a salt marsh surface that is composed of heterogeneous 
species assemblages, each of which may modify flow properties in a different manner 
based upon their height, density, growth pattern, flexibiUty etc. 
7.4.2 Submersible Digital Holographic Particle Imager 
One of the principal successes of this research project has been the adaptation of the 
Submersible Digital Holographic Particle Imager for cohesive sediment research and 
the development of algorithms for automated settling velocity measurement. De-
spite the limitations of only having 12 floe samples over a small range of suspension 
concentration and turbulent shears, this study has shown that the laboratory mod-
ifications to the SDHPI to enable EOialysis of size and settling velocity of flocculated 
particles is extremely effective and that the autonomous data processing routines are 
robust. The method of enclosing thresholded particles with a convex hull (§ 3.6.2), 
to better estimate their projected area (since most particles are broken up into frag-
ments upon thresholding) is fairly rudimentary. Improved estimates of area could 
be made with improved particle thresholding routines such that individual particles 
are not 'shattered' when segmented. The convex hull approacli is also rudimentary 
in the sense that significant amounts of detail are lost about p£u-ticle shape and edge 
roughness. In-focus grayscale images of individual flocculated particles (e.g. Fig-
ure 3.26) are often ragged and far from regularly shaped. This 'roughness' appears 
characteristic of flocculated particles ajid a robust method of quantifying it requires 
development. Due to the requirement for further development, no attempt at char-
acterising the suspended particles in terras of their shape has been attempted in 
this study. Lastly, a robust technique for the quantitative coraparison of grain size 
and settling velocity distributions derived using the Submersible Digital Holographic 
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Particle Imager requires development. 
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Chapter 8 
Conclusions 8z Further Work 
Tlie prosperity of tidaliy dominated and allochthonous marsh systems is ultimately 
contingent upon the operation of hydrodynamic and sedimentary processes, with 
constraints imposed by accommodation space and suspended sediment supply (French 
and Burninghara, 2006). Since marsh surfaces are characterised by the presence of 
halophytic macrophyte assemblages it appears reasonable to assume that biotic in-
teractions with abiotic forcing mechanisms will have an influence on the structure 
and functioning of these coastal and estuarine sub-systems. The study which has 
been documented in the previous chapters has been conducted in an attempt to 
fulfil two principle aims. The first was to examine the influence of S.anglica on the 
mean and turbulent flow structure under uni-directional currents and the second 
was to investigate the potential impacts that hydrodynamic modifications initiated 
by the vegetation might have on the physical processes that regulate the settling and 
transport of suspended sediments. The eventual goal of such a study would be to 
gain predictive insight into this particular biophysical interaction and provide data 
on which to base parameterisations for next generation, physically based numerical 
models of marsh systems. 
8.1 Principal Research Findings 
The mimic S.anglica constructed for laboratory experiments exhibit reasonable geo-
metric and dynamic similarity to prototypical vegetation. The average Elastic Mod-
uli of prototypical stems is 0.935i0.351 and for prototypical leaves is 0.04±0.125. 
Profiles of mean velocity derived using these mimics exhibit good similarities with 
previously reported profiles from a range of vegetation types. 
Dense canopies of S.anglica strongly modify the vertical distribution of time 
averaged mean flow from that which might be expected in un-vegetated flow. In 
laboratory experimentation with mimic vegetation the shape of vertical profiles of 
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mean- and turbulent flow properties are linked directly to the blocking effect cre-
ated by the vertical distribution of vegetative biomass. Velocity within the canopy 
is strongly reduced as a consequence of increased hydrodynamic drag. A strong 
inflection in profiles of mean velocity is produced in the region of 0.79 < z/h < 0.9 
due to the interaction of free stream flow with the elevated roughness and increased 
drag in the region of the canopy top. In the upper canopy (0.31 < z/h < 1) where 
foliage densities are greatest, velocities are reduced by 35 - 95% in comparison to 
un-vegetated flow. Near the bed (0 < zjh < 0.31) mean velocities are reduced by 
88 - 90% of the values in un-vegetated experiments. 
As a consequence of experimentation within a confined channel, velocities above 
the canopy are accelerated to satisfy volume flow rate continuity. This may ex-
plain why profiles of mean velocity exhibit a characteristic inflection point. Such 
inflections are due to the shear of high velocity, above-canopy fluid over low veloc-
ity, within-canopy fluid. Such above canopy accelerations have not been observed 
during field observations because mean flow velocities were low (< 6 cm s"') and 
are thought unlikely to occur, even under higher flow velocities. Personal observa-
tions suggest that water, as it encounters vegetation, is largely diverted laterally 
around, rather then over, the obstruction offered by canopy forming macrophytes. 
Previously published research suggests that augmentation of above-canopy velocities 
initiates a mbcing layer instabihty (Raupach et al., 1996) at the inflection point which 
sheds coherent structures that are advected by the meein flow across the canopy top. 
As a consequence Reynolds stresses and Turbulence Kinetic Energy peak near the 
canopy top and fluid motions are organised into intermittent, downward penetrating 
vortices which sweep the upper stories of the dense canopy. In the clear water lab-
oratory experiments such peaks in Reynolds Stress and T K E can be clearly seen in 
the vicinity of the canopy top. For example, T K E peaks at approximately 15 times 
the un-vegetated value in the canopy top region. The density of the mimic canopy 
rapidly extracts momentum from these structures and prevents these motions from 
penetrating deeply into the canopy as indicated by reductions in momentum mixing 
efficiency with proximity to the bed. Unfortunately, the solid rotating lid which 
drives the flow by surface shear in the annular flume had a slight instability with 
periodicity of similar order to predicted eddy shedding at the canopy top. Because 
of this contamination, spectral identification of eddy shedding at the canopy top as 
distinct from the lid instability have proved inconclusive. 
Near the bed, reduced hydrodynamic drag in the stem region of the canopy 
enables a near bed, secondary velocity maxima to develop (relative to mean flow 
velocities in the mid canopy). Reduced mean flow velocities in comparison to un-
vegetated conditions compete with elevated turbulence intensities from vegetation 
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wakes and turbulence kinetic energy levels are elevated to approximate equality with 
those observed in un-vegetated flows. Component spectra within the canopy show 
elevated energy density at all elevations in comparison to un-vegetated flows as well 
as pronounced anisotropy when comparing u/3 with ufi and VJ2. Anisotropy is a 
consequence of the fine eddies shed by vegetative elements which are predominantly 
aligned horizontally and advected by the mean fiow. Dissipation rates of turbulence 
kinetic energy in mimic canopies in the laboratory are in the range 70 - 200x10"*^ 
m-V^ for 0.4 < z/h < 0.8 and between 0.1 - 125x10"'* m'V^ for 0 < /i < 0.4. 
These estimates compare well with field values of the dissipation rate, although the 
latter peak at >600xl0~'' m~^s" .^ The reason for these peaks is unclear since they 
do not correlate with variations in the wave or velocity field. As a consequence of the 
elevated dissipation rates Kolmogorov length scales are reduced within the canopies 
to between 0.04 - 0.14 mm. This compares to Kolmogorov lengtlis of 0.06 - 2.6 mm 
in un-vegetated flows. It is important to recollect however that the strong anisotropy 
in vegetated flows creates significant problems with estimating dissipation rates and 
Kohnogorov length scales. In the field, very low flow velocities and superimposed 
wave contamination causes further problems in the estimation of these quantities 
from field data. 
Submerged canopy forming vegetation such as Spartina anglica can be considered 
to have three fundamental impacts upon near bed flows: 
1. Mean currents are reduced by form drag presented by the dense foliage, 
2. Turbulence intensities are sharply increased, in the horizontal plane, due to 
wake eddy shedding in the lee of vegetative elements. 
3. Scales and structure of turbulence are strongly modified, becoming smaller 
and stronger, within vegetated flows. 
These principal impacts have competing influences on suspended sediments. Re-
duced current velocities produce flows which may be favourable to the deposition 
of suspended sediments. Elevated turbulence intensities, in contrast, are capable 
of maintaining fine sediments in suspension. Finally, modifications to the struc-
ture of turbulence may have an impact upon suspended particle dynamics such as 
flocculation and de-flocculation. 
Values of Turbulence Kinetic Energy in both vegetated and un-vegetated flows 
are below generally accepted levels for shezu- induced flocculation so it seems unlikely 
that flocculation actively occurs in within this region of the canopy. Floe properties 
may, instead, be inherited from flows of higher turbulence outside the canopy or 
at higher elevations within the canopy (such as the canopy top). Elevated turbu-
lence within the canopy and reduced Kolmogorov length scales may have a direct 
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consequence for the suspension of cohesive particles. Laboratory experiments car-
ried out with cohesive suspensions of initial concentrations in the 100 - 200 mg L ~ * 
range, which are similar to those observed in the field (<100 mg L " ^ ) , suggest that 
vegetation induces small scale mixing which may delay suspended particles from 
settling to the bed. Clearance rates appear to be approximately double for flows 
which are vegetated in comparison to those which are not. Under unidirectional 
steady currents it appears that fine material is maintained in suspension for longer 
periods in flow through vegetation than compared to un-vegetated flows, despite 
the strong reductions in current velocity. The vertical distribution of suspended 
sediments is uniform, and does not exhibit pronounced stratification. An increase 
in suspension residence times in vegetated flows as suggested by these experiments 
may enable sediments to be advected for greater horizontal distances by mean flows 
than would be possible in un-vegetated flows. This has potential implications for 
the spatial distribution of sediments across marsh surfaces. Of course, in the field 
mean velocity decays with distance inshore so that flow competence is reduced and 
suspended loatis are deposited quickly, presumably before the influence of the small 
scale mixing induced by v<*g(»tation can have an effect on transport distances. 
To investigate the impact of the ambient hydrodynamics on suspended sediments 
a novel method for the automated analysis of suspended particle size and settling 
velocities has been developed using digital in line holography. The holographic tech-
nique removes depth of focus limitations from particle observation, provides crisp in-
focus images of suspended particles and enables the automated analysis of hundreds 
of particles per sample. All particle populations collected during the laboratory ex-
periments exhibit a power law dependence of trajectory averaged settling velocity or 
effective density on size. This is in agreement with a wide range of published stud-
ies and indicates the increasingly loosely bound structure which flocculated particles 
have as they grow in size. Analysis of full spectral size and settling velocity distribu-
tions hotweoii vogetatod and un-vegetatod flows shows little discernii)l(' statistitally 
significant difference in suspended particle characteristics (size or settling speed) 
between the two flow regimes. The average particle size between vegetated and un-
vegetated flows differs by only 6.2 mm and average settling velocity by 0.1 mm s"^ 
the vegetated samples being less than the un-vegetated samples in each case. The 
differences are so small however that they are insignificantly different in practical 
terms. Grain size distributions look qualitatively similar, and exhibit pronounced 
nnilti-modality. Sub-population (macro:micro floe) ratios exhibit little significant 
variability in either size or settling velocity between vegetated and un-vegetated 
ffows. It is impossible to conclusively shown that there are significant differences 
between particle characteristics between the two flows because of a low range of sus-
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pension concentrations and turbulent shear stresses that characterise the laboratory 
experiments. The absence of a pronounced statistical difference lends weight to the 
assumption that, for the range of shears and suspension concentrations considered, 
there appears to be Uttle practical difference in particle size or settling velocity be-
tween vegetated and un-vegetated flows. Observations drawn from a greater range 
of flow velocities, turbulence intensities and suspension concentrations are required 
before conclusions can be firmly drawn about particle differences between vegetated 
and un-vegetated flows. Despite dissipation rates being elevated in vegetated flows, 
which forces a reduction in the Kolmogorov microscale, the small size and high in-
tensity of the turbulent eddies in the stem wakes does not appear to be sufficient 
to modify the size and settling properties of suspended particles. For un-vegetated 
flows, the Kolmogorov scale is consistently greater than all characteristic length met-
rics for fioc size. This appears to support the suggestion that the scale of the smallest 
eddies in the flow may present an upper limit to floe size evolution. However, in 
vegetated flows, floe size metrics are significantly greater than the Kolmogorov scale, 
violating this theory of floe growth limitation. 
Knowledge of actual particle size and associated settling velocity from within 
vegetated flows are important since exploratory models of mai^ sh systems estimate 
mass settling fluxes based upon constant settling velocity assumptions. While the 
sample averaged settling velocity estimates obtained during this study are in gen-
eral agreement with both published estimates and observations, the distribution of 
settling velocities is over a much greater range (0.05 - 5.3 mm s~^) than previously 
thought. By comparing settling fluxes estimated using seunple averaged settling 
speeds and SPM concentrations with fluxes estimated from full spectral (size band 
averaged) distributions it has become apparent that the former flux predictions arc 
in error by as much as 62% of the measured flux. This is due to the fact that sam-
ple averaged settling velocities are biased low by the large number of small, slow 
settling aggregates that dominate the particle size distributions of suspended sedi-
ments. The less numerous, larger sized macroflocs account for, on average, 75% of 
a typical samples mass. It is crucial therefore that the settling velocities of these 
aggregates are included when calculating mass fluxes. 
Output from a state-of-the-art Mass Settling Flux erapirical formulation has been 
compared with the observed Mass Settling Fluxes monitored during the laboratory 
experiments. The model was forced with the shear and S P M concentrations from the 
laboratory experiments and underestimates the actual settling flux by between 15 -
65% in 50% of the experiments. These serious underestimates are caused because 
the SPM concentrations and shear stresses during the experiments were at, or below, 
the lower limit of model validity. It remains to be seen what influence these errors 
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have on deposition and accretion rates over long timescales. 
The salient results from this investigation in relation to submerged Spartina 
an^/icamimics may be summarised as follows: 
• Prototypical Spartina anglica have average Elasticity Moduli of 0.935±0.351 
(stems) and 0.04±0.125 (leaves) 
• Velocity profiles within vegetative canopies are strongly modified from those 
expected in open channel flows 
• Near bed mean velocities are reduced by 80-90% in contrast to un-vegetated 
flows 
• Velocity shear, T K E and Reynolds Stresses peak around the canopy top and 
profile instability may shed coherent structures along the canopy top which 
may have impacts upon transport and mixing processes within the canopy. 
o The combination of reduced near bed velocities and elevated turbulence in-
tensities in the stem region a canopy make levels of T K E within vegetation 
approximately equal to those in un-vegetated flows. 
• Dissipation rates in the mimic canopies in the laboratory are in the range 70 -
200x10"'* m-V^ for 0.4 < z/h < 0,8 and between 0.1 - 125x10"'* m'V^ for 
0 < h < 0.4. These estimates compare well with field values of the dissipation 
rate, which can peak at >600xl0~'* m~^s"^. 
• Kolmogorov length scales are reduced within the canopy to 0.04 - 0.14 mm. 
This compares to 0.06 - 2.6 mm in un-vegetated flows. 
• Flow within vegetative canopies exhibits pronounced anisotropy and intermit-
tencey. 
• For conditions of constant mean velocity, vegetation appears to promote sus-
pension of sediments for twice as long as under un-vegetated conditions. 
• SPM concentrations are low in the field (Initially 100 mg L " ^ falhng rapidly 
to <20 mg L ~ ^ ) . Both laboratory' and field observations suggest a uniform 
vertical distribution with no stratification. 
• Average particle sizes and settling velocities are 90.37 mm and 0.71 mm s~* 
in un-vegetated conditions and 84,15 nun and 0.6 mm s~* in vegetated flows. 
These values are biased towards small, slow settling particles. 
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• The range of settling velocities observed within vegetated flows in the labora-
tory experiments is 0.05 - 5.3 mm s" .^ 
• Estimated settling velocities from field observations of the temporal variation 
in tidal height and SPM concentration are in the range 0.1 - 0.8 mm s"* 
• It is not possible to distinguish significant differences between particle size dis-
tributions between vegetated and un-vegetated flows under the narrow range 
of shear stresses and SPM concentrations of the present experiments. 
• Particle size distributions exhibit pronounced bi-modality. Fast settling Macroflocs 
(>160 fj.m) account for more than 75% of the mass in a typical sample. 
• Mass Settling Fluxes are underestimated, on average, by 62% when sample 
average settling velocity and concentrations are used in calculation. 
• Improved estimates of the Mass Settling Flux are obtained with knowledge of 
the full particle size distribution. 
• State-of-the-art empirical models for Mass Setthng Flux estimation perform 
poorly for low shear, low SPM concentration environments typical of marsh 
systems. Further data is required to improve model functionality in this pa-
rameter space. 
8.2 Implications for End Users 
One of the duties of coastal researchers must be to offer suitable relationships, 
information and instruments that are usable for informing decision makers in the 
management of the coastal zone (de Jonge, 2000). However, relationships have to 
be founded on a solid conceptual knowledge about the functioning of coastal and 
estuarine systems. 
This thesis has been exploratory in nature, drawing together both existing and 
newly acquired observations on canopy flow interactions with conceptual and the-
oretical understanding of sucli interactions in an attempt to further the study of 
processes operating at the scale of vegetative canopies in marsh enviromnents. Due 
to the narrow parameter space, in terms of flow speeds and suspension concentra^ 
tion, of both the laboratory and field obserx'ations this study presents a 'snap-shot' 
of depth limited flow, through a mono specific stand of mimic S.anglica. Consid-
erable further work is required over a variable range of conditions to more fully 
understcmd, and to eventually parameterise and predict, the influence of vegetation 
on hydrodynamics and suspended sediment dynamics. 
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Of significant note are the observations of suspended sediment properties from 
which it has been possible to illustrate the importance of large, fast settling par-
ticles on the settling flux in marsh systom.s. Th(\s(* parti( l<\s are currently poorly 
represented in modelling studies and, consequently, estimated settling fluxes may 
be seriously in error. Accretion rate errors of the same order of magnitude as the 
flux errors (60 - 75%) may be expected. One would expect to see these errors obvi-
ously in model outputs, but they may be compensated for by the episodic nature of 
sediment delivery and accumulation in marsh systems. Caution must be exercised in 
the use of estimated or assumed invariant particle sizes and/or settling velocities in 
numerical models of these systems since considerable errors in the deposition rate, 
and thus the elevational adjustment of salt marsh systems, over time may arise. 
The automated holographic method for sizing suspended particles and estimat-
ing their settling velocity has been shown to work extremely effectively. It produces 
floe sizes, settling velocities and estimated effective densities which are in-line with 
previo\is published research hut has a number of significant benefits over exi.sting 
techniques. Digital inline holography enables high resolution imaging of suspended 
particles over a substantial depth of field. Image acquisition rates are fast and the 
algorithms developed as part of this study to size and track imaged particles are 
faster and more effective than manual processing methods. The fully automated 
process offers a speed up in 'per sample' analysis time by a factor of 10 over manual 
processing methods. The tracking process generates multiple realisations of individ-
ual particles from which confidence intervals aroimd trajectory averaged estimates 
of size, settling velocity and particle effective density can calculated. Such error 
estimates cannot feasibly be produced with existing floe measurement apparatus 
which rely on manual particle tracking and sizing. 
8.3 Further Work 
As a consequence of this investigation, and as a result of the highlighted shortcom-
ings of the research, a number of further avenues of inquiry have become apparent. 
The presence of coherent structures at the top of fully submerged canopies and the 
impact on within canopy and near bed transport process requires attention. Labo-
ratory experimentation in a flume without periodic flow and/or field investigations 
undcT conditions of high flow velocity should be conducted. The investigation into 
suspended particle characteristics and concentrations suffered as a consequence of 
the rapid loss of material from suspension during spin up of the annular flume. 
This resulted in a substantially smaller range of experimental concentrations than 
initially planned. Similarly the use of just two, contrasting characteristic veloci-
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ties, and a single canopy density, has resulted in a narrow range of turbulent shear 
stresses observed. To fully explore the dynfimics of cohesive suspensions in vegetated 
flows, experimentation over a broader range of stem densities, characteristic veloc-
ities and suspension concentrations is required. The same criticism can be levelled 
at the 'pure water' hydrodynamic experiments. To fully understand the interaction 
between cajiopy and flow - which in the field is highly dynamic - variable canopy 
submergence ratios and surface waves must be added to the list of experimental 
variables. Laboratory experiments that attempt to control all such variables would 
not be a practical way forward due to their time consuming nature. Carefully instru-
mented field studies should be prioritised, perhaps with several spatially distributed 
vertical arrays of co-located optical backscatter and acoustic velocimeters. These 
would enable both horizontal and verticed gradients in flow ajid suspended sediment 
properties to be assessed. Field assessments of the size and settling velocities of 
suspended aggregates as well as their temporal variation (over both individual tidal 
cycles and perhaps longer monthly-seasonal cycles) are also required to parameterise 
settling flux variations in morphodynamic models of salt marsh systems. It remains 
to be seen what the effect of large variations in settling velocity parameterisations 
may have on numerical simulations of marsh surface deposition. As a first step it 
would be insightful to implement a I D numerical model of surface sedimentation 
and compare resultant accretion scenarios with different settling velocity parame-
terisations in order to further explore the influence of settling velocity variations on 
accretion rates. Sensitivity testing of settling velocity variability on the magnitude 
of surface accretion could then be carried out over a range of timescales. Further 
field observations of floe properties from marsh systems could be used to adapt 
the existing empirical formulations for the mass settling flux derived by Manning 
(2004a) to low shear, low concentration conditions in order to improve its predictive 
capability. 
The annular flume used in the laboratory experiments could be improved in a 
number of ways. Building a new annular lid would remove the present imbalance 
and reduce, if not eliminate, the periodic flow forcing experienced. The addition of 
a large, clear viewing window on one, or both, channel walls would enable experi-
mentalists to view phenomena in the annulus as the flume was rotating. This would 
provide useful phenomenological understanding especially of processes operative at 
the canopy top. Finally, a separate suspended sediment mixing vat and automated 
injection facility would make the process of creating homogeneous suspensions within 
the annulus considerably easier. 
Further floe property observations are required at different heights within a veg-
etative canopy to assess the properties of suspended particles in the near bed stem 
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regions in relation to those at or above the canopy top. The time evolution of particle 
characteristics within the canopy should also be investigated to assess the timescales 
with which particles respond to variations in mean flow velocity, turbulence intensity 
and structure. 
There are a number of improvements which could be made to the processing 
algorithms of the Submersible Digital Holographic Particle Imager. Some experi-
mentation with improved thresholding techniques is required to eliminate problems 
of particle 'fracture' during segmentation. Routines for particle shape quantifica-
tion/representation can be easily integrated into the existing code, since it has been 
designed in a modular format for ease of extension. A particularly interesting param-
eterization would be that of particle fractal dimension so that the fractal nature of 
individual aggregates could be estimated, rather than the whole population methods 
employed in Chapter 5. Opting for fractal characterisation of suspended particles 
may allow the structure of the particles to be investigated. It may be possible to 
distinguish differences between floe samples from vegetated and un-vegetated flows 
based on other metric than size and settling velocity. Variations in particle shape 
and fractal dimension (i.e. particle 'raggedness') with environmental forcing may be 
one such possible avenue of further inquiry. 
The full unattended processing speed of the particle analysis algorithms is, for 
a standard 2 minute settling experiment, approximately IShours. This includes 
reconstruction, extraction, tracking and full analysis of all particles in each sample 
(performed on 1.6 GHz Intel T2050 with 1Gb RAM) . For future work with this 
system improvements could be sought in the processing speed. Real time processing 
will never be likely due to the requirement for post image capture reconstruction but 
the total processing time could be reduced. Code optimisation would be a significsuit 
first step. In addition distributed computing (over a local grid) may hold the key 
to significant performsmce gains. Nebrensky and Hobson (2006) have experimented 
with remote grids (i.e. globally distributed computing) but have experienced major 
issues with data non-return. Harnessing the processing power of modern Graphics 
Processing Units for parrellised reconstruction of digitial holograms may also be a 
promising avenue for further development. 
Finally, to address the absence of accurate in situ particle size data from salt 
marsh environments, the laboratory version of the Submersible Digital Holographic 
Particle Imager used in this study could be relatively easily and inexpensively devel-
oped into an automated, in situ floe capture device. It is not inconceivable that the 
whole operation of floe capture, imaging while settling and then processing for size, 
shape and settling velocity could be fully automated. This would bring major bene-
fits to the cohesive sediment research community since in situ floe pEirameterisation 
236 
could be quickly and reliably obtained in a variety of environments. 
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Appendices 
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A List of Symbols 
241 
a Significance Threshold 
A 1^ ' Derivative 
2"^ ^ Derivative 
£o Open Water Mixing Length Scale 
c T\irbiilent Kinetic Energy Dissipation Rate 
7] Kolmogorov Length Scale 
fs Sampling Frequency 
K wave number 
A Wavelength 
A Wavelength 
Xu Universal Criterion 
{X} Double Average of variable X 
(X) Spatial Average of vetriable A" 
h Linear Least Squares Filter Weights 
A Windowed Velocity Matrix 
Ua Velocity Vector at Position a 
Kinematic Viscosity of Water 
u Kinematic Viscosity 
ijj Wave Frequency 
U{z) Mean velocity at height z 
X Temporal Average of variable X 
^ Krumbein Phi Grain Size 
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TT Pi 
Peambient Ambient Effective Density 
Pccoiumn Effective Density of Particle in Settling Column 
PcOsccn Oseen Modified Effective Density 
Effective, or Excess, Density 
Pf Floe Density 
ptno Mineral Density 
Pwdi/f Density Difference 
puj Water Density 
a Standard Deviation 
r^z Three-Dimensional Reynolds Stress 
T Shear Stress 
Ti Imposed Stress 
0 Momentum Thickness 
Au Length Scale of Energy Containing Turbulence 
ad Non-Dimensional Stem Density 
B Universal Constant 
C S P M Concentration 
Cmax Maximum SPM Concentration 
C„ Candidate Particle Number 
Crma Root Mean Squared SPM Concentration 
D Diffusivity 
d Stem Diameter 
d Zero-plane Displacement 
DA.ECAD Equivalent Circular Area Diameter 
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Dr Rectangular Elquivalent Shape 
DxjDy Linear particle dimension along x ox y axis 
E{K) Energy Density as function of wave number 
Eii{k\) Energy Density Component Spectra as function of wave number 
ECADcoNVEX Equivalent Spherical Diameter from Convex Hull 
/ Frequency 
/ 5 0 Half Power Frequency 
IKH Frequency of K - H Instability 
fp Spectral Peak Frequency 
H Q-H Analysis Hole Size 
H Water Depth 
h Canopy Height 
h Canopy height 
Hp Penetration Depth into Cmiopy 
ffrms Root Mean Squared Wave Height 
Hg Significant Wave Height 
/ Turbulence Intensity 
i Incremental Index 
Ig Integral Timescale 
ki Directionfd wave number 
L Zero-Crossing Length Scale 
Lu Eulerian Integral Lengthscale 
m,c Regression Coefficients 
Mfdry Floe Dry Mass 
Newton 
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n Non-Dimensional FVequency 
P Stem Area Density 
PACOI^VEX Plane Projected Area from Convex Hull 
FA Plane Projected Area 
Pn Particle Identification Number 
Ps Shear Production 
Pto Wake Production 
Coefficient of Determination 
Re Particle Reynolds Number 
Rc Reynolds Number 
s , A S Inter-element Spacing 
Sain) Power Spectral Density as function of wave number 
3a{f) Power Spectral Density as function of frequency 
St Resultant Strain 
T Turbulent Kinetic Energy Transport Rate 
t Time 
Ts Significant Period 
Shear Velocity 
Uyj Wave Orbital Velocity 
w{t) Gaussian Low-pass Filter 
x,y,z Right-Handed Cartesian Co-Ordinate System. Positive downstream, cross-
stream and upwards respectively 
XsB Subscript Indicates Size Band Discritisation of Continuous Imaginary Vari-
able X 
2 Height above bed 
ZQ Roughness Length 
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0 Diameter 
D% Q-H Analysis Duration Fraction in Quadrant Q 
E Elasticity Moduli 
-£^11(^1),£^22{fci)i-£^33(^i) Component Energy Density as a function of wavenumber 
/vs Shedding Frequency 
A u , ,Au3 Eulerian Integral Length Scales of stream-wise and vertical flow components 
Q-H Analysis Conditional Sampling Function 
Ls Shear Induced Length Scale 
L u , Wake Shedding Induced Length Scale 
^1^2,^3 Mean Flow Components in the x,y and z directions. Positive downstream, 
cross-stream and upwards respectively 
^ ? | / / Analysis Contribution Fraction 
Tjn Measurement Duration 
UuU2,U3 Flow Components in the x,y and z directions. Positive downstream, cross-
stream and upwards respectively 
uf\,uf2,u/z Fluctuating Flow Components in the x,y and z directions. Positive down-
stream, cross-stream £md upwards respectively 
Ws Settling Velocity 
a Obstruction Density 
A D C P Acoustic Doppler Current Profiler 
A D V Acoustic Doppler Velocimeter 
A D V Acoustic Doppler Velocimetery 
ADV/ / A D V location at canopy height 
A D V z ADV location at height z above bed 
^MOBS SPM Concentration Derived from MOBS 
Cnom Nominal SPM Concentration 
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CivoRAf SPM Concentration Utilised for Normalisation 
C C D Charged Coupled Device 
D C Direct Current 
DIGS Disaggregated Inorganic Grain Size 
G Gain Factor 
g Gravitational Acceleration 
G S D Grain Size Distribution 
H A T Highest Astronomical Tide 
HW High Water 
Hz Hertz 
I N S S E C T IN situ Size ajid SEttling Column Tripod 
I N S S E V IN Situ SEttUng Velocity 
I P C C Intergovernmental Panel on Climate Change 
I S R Inertial Sub Range 
K - H Kelvin-Hermholtz 
L A B S F L O C LABoratory Spectral FLOcculation Characteristics 
L I S S T Laser In-Situ Scattering and Transmissometery 
LW Low Water 
M H W L Mean High Water Level 
mL millilitre 
MOBS Miniature Optical Backscatter Sensors 
M S F Mass Settling Flux 
mW milli-Watt 
nm nanometer 
O B S Optical Backscatter Sensor 
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ppt Part Per Thousand 
PSU Practical Salinity Units 
Ql,Q2,Q3,Q4 Q-H Analysis Quadrant Identifiers 
r Radius 
R S L Relative Sea Level 
S Strouhal Number 
So Channel, Frictional or Energy Slope 
SDHPI Submersible Digital Holographic Particle Imager 
SMP Shoreline Management Plan 
SnR Signal-to-Noise Ratio 
SPM Suspended Particulate Matter 
T K E Turbulence Kinetic Energy 
Urriw Root Mean-Square Fluctuating Velocity 
U K C I P UK Climate Impacts Programme 
V Voltage 
v-K von Karman 
W K E Wake Kinetic Energy 
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B Materials Testing for Vegetation Mimics 
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(a) Prototypes 
Sample No. E R^ M a x L o a d ( N ) 
1 0.869300 0.9289 4.456 
2 0.757200 0.9795 2.161 
3 1.368200 0.9022 3.289 
4 1.162500 0.9279 2.443 
5 1.217200 0.9975 2.631 
6 0.768600 0.8264 1.53 
7 0.342100 0.9548 0.644 
8 0.667300 0.9918 1.517 
9 1.445800 0.9968 2.631 
10 0.754300 0.9728 3.101 
(b) Mimics 
Sample No. E R^ M a x Load (N) 
1 2.18910 0.9957 11.557 
2 1.75470 0.994 14.523 
3 0.23580 0.9971 2.349 
4 0.24690 0.9945 2.362 
5 0.11410 0.9637 1.074 
6 0.15230 0.998 1.973 
7 0.82820 0.9981 6.591 
8 0.77300 0.9972 6.107 
9 0.60180 0.9952 5.356 
10 0.02700 0.9912 0.268 
11 0.03020 0.9927 0.255 
12 0.10930 0.9757 0.523 
13 0.03720 0.9572 0.336 
14 0.05440 0.9882 0.698 
15 0.01250 0.9027 0.134 
16 0.09950 0.9936 0.913 
16 0.21940 0.9949 2.228 
T^ble ( B . l ) . Values of E determined from linear fit, values, and maximum 
loads for prototype 0(a) and mimic 0(b) stems in Fig. 3.17 A and B 
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(a) Prototypes 
Sample No. E R'' M a x L o a d ( N ) 
1 0.08090 0.9786 0.268 
2 0.04450 0.9244 0.121 
3 0.02540 0.9624 0.175 
4 0.02630 0.9076 0.094 
5 0.02190 0.8837 0.215 
6 0.04520 0.9742 0.121 
7 0.01530 0.9143 0.175 
8 0.03000 0.4129 0.054 
9 0-01540 0.8936 0.188 
10 0.02530 0.966 0.107 
11 0.04280 0.9335 0.107 
12 0.06690 0.9831 0.201 
13 0.01720 0.8854 0.107 
14 0.01050 0.1281 0.054 
15 0.05190 0.7643 0.067 
16 0.04160 0.8417 0.067 
17 0.03810 0.9709 0.175 
18 0.02710 0.7535 0.067 
19 0.09440 0.8471 0.067 
20 0.07350 0.8842 0.067 
(b) Mimics 
Sample No. E M a x L o a d ( N ) 
9 0.00270000 0.7516 0.054 
10 0.00280000 0.852 0.067 
2 0.0958000 0.9237 0.067 
4 0.0429000 0.8375 0.054 
5 0.1058000 0.945 0.081 
Table (B.2). Values of E determined from hnear fit, values, and maximum 
loads for prototype 1(a) and mimic 1(b) leaves in Fig. 3.17 C and D. 
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C Profile Normalisation 
Normalisation values utilised in Chapter 4. 
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zjh <|U|) (|U,|> 
1.3132 0.39708 0.35635 
1.2668 0.39923 0.35721 
1.2204 0.39824 0.35716 
1.174 0.39799 0.35734 
1.1276 0.40108 0.35767 
1.0812 0.40414 0.35816 
1.0348 0.40589 0.35816 
0.9884 0.40784 0.35819 
0.942 0.42276 0.35718 
0.89559 0,42388 0.35702 
0.84919 0.38487 0.35636 
0.80278 0.36469 0.35532 
0.75638 0.36644 0-35631 
0.70998 0.36776 0.3563 
0.66357 0.36978 0.35643 
0.61717 0.36894 0.35639 
0.57077 0.36858 0.35657 
0.52436 0.36799 0.3568 
0.47796 0.36545 0.35677 
0.43155 0.36544 0.35707 
0.38515 0.36396 0.3577 
0.33875 0.36421 0.35728 
0.29234 0.36762 0.35753 
0.24594 0.37501 0.35765 
0.19954 0.38294 0.35819 
0.15313 0.39387 0.3586 
0.10673 0.40378 0.35916 
0.060325 0.40867 0.35952 
Table (C.3) . Normalisation values of canopy top velocity ((|U|) ) and shear ve-
locity ((|U/i|) ) for un-\-egetated profiles in Chapter 4. 
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z/h <|U.|> 
1.2575 0.40993 0.012478 -0.00016 
1.2111 0.40937 0.01195 -0.00014 
1.1647 0.41131 0.012435 -0.00015 
1.1183 0.42026 0.012442 -0.00015 
1.0719 0.42224 0.012359 -0.00015 
1.0255 0.42022 0.012088 -0-00015 
0.97912 0.40699 0.01249 -0.00016 
0.93271 0.39476 0.012627 -0.00016 
0.88631 0.44183 0.012409 -0.00015 
0.83991 0.41611 0.012455 -0.00016 
0.7935 0.34626 0.012615 -0.00016 
0.7471 0.29152 0.012753 -0.00016 
0.7007 0.23881 0.011867 -0.00014 
0.65429 0.19861 0.01249 -0.00016 
0.60789 0.17344 0.012442 -0.00015 
0.56148 0.14895 0.011875 -0.00014 
0.51508 0.12607 0.012467 -0.00016 
0.46868 0.10549 0.012536 -0.00016 
0.42227 0.092652 0.012352 -0.00015 
0.37587 0.095684 0.012646 -0.00016 
0.32947 0.10416 0,012443 -0.00015 
0.28306 0.11735 0.012538 -0.00016 
0.23666 0.14126 0.012798 -0-00016 
0.19026 0.15821 0.012715 -0.00016 
0.14385 0.16654 0.01291 -0.00017 
0.097448 0.16658 0.012498 -0.00016 
0.051044 0.15989 0.013108 -0.00017 
0.00464 0.15904 0.01258 -0.00016 
T^ble (C.4) . Normalisation values of canopy top velocity ((|U/j|)), friction velocity 
(C/,) and Reynolds Stress ((au/iati/3) for vegetated profiles in Chapter 4. 
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Figure ( D . l ) . Exp 1 floe characteristics: (A) / ( E C A D c ^ , . e x ) : (B) (>, 
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trajectory averaged quant at ies. 
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As noted in § 5.3.1, parametric statistics (such as ANOVA) for examining differ-
ences between samples, rely on assumptions about the distribution of the data on 
which they work. If these assumptions are not valid, then the underlying F-statistic 
generated by such tests (and with which hypothesis tests are conducted) is not valid. 
The standard test for homoscedasticity (Bartlett, 1937) is highly sensitive to non 
normahty (Box, 1953). The Brown-Forsythe test (Brown and Forsythe, 1974a) is 
one alternative inferential statistical test which is especially useful when samples are 
strongly skewed. The Brown-Forsythe test, assesses the null hypothesis (Ho) that 
the population variaiices are equal. If the resulting p-value of the test is less than 
a = 0.05, the obtained differences in sample variances arc unlikely to have occurred 
based on random sampling. The spread of the observations is measured relative to 
the sample median rather than the mean, which renders the test more robust under 
conditions of non-normality whist retaining good statistical power. 
In Table E.5 and E.6 floe size and settling velocity distributions are compared be-
tween vegetated and un-vcgctated flows under constant shear level and suspended 
sediment concentration. Table E.5 clearly indicates that the assumptions of ho-
moscedasticity for floe size data are violated between samples from suspended sedi-
ment concentrations of 200 mg L"^ and high shear (samples 2 & 8) and for samples 
from suspended sediment concentrations of 1000 mg and low shear (samples 6 
& 12). 
Table E.6 illustrates that assumptions of homoscedasticity are violated by all 
samples with the exception of those from a suspended sediment concentrations of 
250 and 1000 mg L"^and high shear (samples 1 & 7 and 3 &; 9 respectively). 
Tables E.7 and E.8 examine the equality of variances between samples in either 
vegetated or un-vegetated flow, constant shear and increasing SPM concentration. 
Homoscedasticity assumptions for both floe size and settling velocity across the 
range of experimental suspension concentrations are met only under conditions of 
maximum shear suspension concentration of 250 mg 
The variances ranges (6^ = ( a ^ - cr i^^ )^ ) indicated in Tables E.5 - E.8 show 
that in at least one pair-wise test from each suite of samples on which the Brown-
Forsythe test was carried out, 6^ far exceeds what might be considered tolerable het-
eroscedasticity for equally sized samples(Box, 1954). Brown and Forsythe (1974b) 
performed Monte Carlo simulations for 6^ < 25 and suggest that Type I errors 
(false positive, i.e. Ho is true, but the result of statistical testing leads rejection 
of Ho) may be several times the nominal level, even if samples are similar sized. 
Given this data, and the fact that sample sizes are unequal, leads to the conclusion 
that homoscedasticity assumptions are strongly violated for parametric statistics 
such as ANOVA. Application of such tests to the floe characteristic data sets may 
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Sample N 2 EC ADcontinx F P P>= a 02 
1 98 1998.158 
7 194 2708.118 0.014 0.907 / 1.836857 
4 313 1613.218 
10 151 1644.833 1.577 0.210 / 1.039579 
2 205 1629.126 
8 197 4863.784 17.190 0.000 K 8.913315 
5 185 3039.622 
11 254 2570.279 3.047 0.082 / 1.398552 
3 195 2324.574 
9 822 2596.946 0.254 0.615 / 1.24807 
6 273 7387.424 
12 671 4893.488 5.353 0.021 K 2.279024 
Table (E.5). Brown Forsythe test results from ECADconu&r data at constant shear 
and SPM concentration. Sample # refers to those in Table 5.1. N is the total 
number of observations; <^%CAOC^„CX' particle size variance; F, the calculated 
F-statistic; P, the probability associated with the F-statistic; £md P >= a gives a 
quick visual indication of whether the assumption of homoscedasticity has been met 
at the significance level a. 0^ is the squared variance range (8 = a\ - „2 max. 
yield border line results (i.e. p only marginally larger or smaller than a) with an 
increased incidence of Type I error. To compensate, a might be increased to 0.1 
or more (i.e. lowering the critical probability or significance level to 90% or less) 
but a conservative approach should be adopted and a statistical method robust to 
parametric violations should be sought for future research. 
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Sample N a^y^ F P P>= a 02 
1 98 0.425 
7 194 0.250 0.346 0.557 / 2.90 
4 313 0.086 
10 151 0.059 1.304 0.254 K 2.14 
2 205 0.411 
8 197 0.578 20.943 0.000 K 1.98 
5 185 0.609 
11 254 0.194 73.377 0.000 K 9.81 
3 195 0.298 
9 822 0.237 2.367 0.124 / 1.57 
6 273 0.746 
12 671 0.718 8.073 0.005 K 1.08 
T^ble (E.6). Brown Forsythe test results from W^ , data at constant shear and 
SPM concentration. Sample # refers to those in Table 5.1. N is the total number of 
observations; <^%cAD„nvcT' particle size variance; F, the calculated F-statistic; 
P, the probability associated with the F-statistic; and P >= a gives a quick vi-
sual indication of whether the assumption of homoscedasticity has been met at the 
significance level a. 8^ is the squared varifuice range (0 = 
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Sample F P P>= a 02 
1 98 1998.158 
2 205 1629.126 
3 195 2324.574 0.070 0.933 / 2.04 
4 313 1613.218 
5 185 3039.622 
6 273 7387.424 21.932 0.000 K 20.97 
7 194 2708.118 
8 197 4863.783 
9 822 2596.046 12.273 0.000 K 3.51 
10 151 1644.833 
11 254 2570.279 
12 671 4893.488 16.896 0.000 K 8.85 
Table (E.7). Brown Forsythe test results from ECADconucx data at constant shear 
and vegetation presence or absence. Sample # refers to those in Table 5.1. Samples 
1-6 originated from un-vegetated flow. Samples 7-12 originate from vegetated flow. 
N is the total number of observations; <^\cADconvcx' particle size variance; F, 
the calculated F-statistic; P, the probability associated with the F-statistic; and P 
>= a gives a quick visual indication of whether the assumption of homoscedasticity 
has been met at the significance level Q . 0^ is the squared variance range (0 = 
2 2 
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Sample N 2 ECADconvex F P P > = a 0 2 
1 98 0.425 
2 205 0.411 
3 195 0.298 0.364 0.695 / 2.04 
4 313 0.086 
5 185 0.609 
6 273 0.746 78.428 0.000 K 75.71 
7 194 0.250 
8 197 0.578 
9 822 0.237 30.861 0.000 K 5.94 
10 151 0.059 
11 254 0.194 
12 671 0.718 35.489 0.000 K 150.13 
Table ( E . 8 ) . Brown Forsythe test results from data at constant shear and 
vegetation presence or absence. Sample # refers to those in Table 5.1. Samples 
1-6 originated from un-vegetated flow. Samples 7-12 originate from vegetated flow. 
N is the total number of observations; <^%CADcorxvex' particle size variance; F , 
the calculated F-statistic; P, the probability associated with the F-statistic; and P 
>= Q gives a quick visual indication of whether the assumption of homoscedasticity 
has been met at the significance level a. 6^ is the squared variance range (0 = 
2 \ .2 
maa: 
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The complex interactions between marsh surface vegetation, hydrodynamics and the settling of suspended 
sediments in marsh surface waters are pooriy understood. An improved understanding of the role o f vegetation in 
modulating marsh surface hydrodynamics and mass settling fluxes, at the canopy scale, may improve current 
abilities to explain spatio-temporal variations in erosion/deposition and may be o f benefit to morphodynamic 
prediction. In this paper, an experimental methodology is discussed which uses a large annular flume and 
Doppler Velocimetery to addresses the influence that a dense Spariina anglica canopy (1000 stems m"^) has on 
time-averaged hydrodynamics and suspended sediment dynamics. The construction o f artificial S.anglica 
mimics, which have geometric and dynamic similarity with prototypical vegetation, is outlined and illustrative 
velocity profiles measured in laboratory flows through this mimic canopy are presented. The flow response is 
shown to be produce vertical profiles o f velocity statistics thai are similar to a number o f previously published 
studies which use real or artificial vegetation. The implications o f flow modification by submerged S.angUca on 
the flocculation and settling of Suspiended Particulate Matter is discussed as the basis o f further research. 
A D D I T I O N A L I N D E X W O R D S : Salt marsh. Spanina anglica. Sediment dynamics. Flocculation. Turbulence. 
Annular flume. 
I N T R O D U C T I O N 
Deposition rates on the surfaces o f tidal marshes are regulated 
by complex interactions between hydro-period, ambient 
suspension concentrations, topography, wave-current interaaions 
and flow modification by vegetation ( A L L E N , 2 0 0 0 ; V A N PROOSDU 
et al., 2 0 0 0 ; REED, 2 0 0 3 ) . Deposition processes in vegetated 
flows that occur on small spatio-temporal scales (e.g. flocculation 
and settling kinematics) are pooriy understood and, in light o f the 
modifications to flow velocities, turbulence intensity and structure 
induced by vegetation (LEONARD and REED, 2 0 0 2 ) , may r ^ u l t in 
markedly different floe sizes and settling velocities within the 
canopy in comparison with open water observations. The use o f 
settling velocities derived from open water observations to predict 
deposition rates in vegetated flows wi l l therefore lead to 
significant errors in estimates o f settling fluxes within vegetated 
flows. This paper briefly discuses the evolving methodology o f a 
study to investigate the interaction o f over-marsh flows with the 
common cord grass Spartina anglica {S.anglicd) and the impaa 
that this interaction may have on the evolution of spectral size and 
settling velocity distributions of suspended cohesive sediments. 
Spartina anglica is a naturalized invasive halophyte, which has 
been recognized as being o f great geomorphological significance 
(RANWELL, 1 9 6 4 ) due to its ability to stabilize cohesive, intertidal 
sediments and promote deposition (LEONARD and LimtER, 1995 ; 
SHI et al., 1995 ; LOPEZ and GARCIA, 1998) . The assertion that a 
vegetative presence enhances deposition of suspended sediments 
is the source o f considerable contention however, as there is 
evidence of both enhanced deposition and erosion in the vicinity 
o f stands o f aquatic vegetation. In terms o f the bulk properties of 
the canopy, momentum extraction by the vegetative elements is 
responsible for reducing near-bed current velocities within the 
canopy. Several authors (e.g. WIDDOWS and BRINSLEY, 2 0 0 2 and 
G R A H A M and M A N N I N G , 2 0 0 7 ) have observed an approximately 
exponential reduction in stream-wise velocity through increasing 
densities o f Sanglica canopy. Similarly, bulk momentum 
extraction by form drag is responsible for the wave damping 
capabilities o f marsh surfaces ( M d l X E R et al., 1999 ; M O L L E R and 
SPENCER, 2 0 0 2 ) . 
The vertical distribution o f biomass (thus hydrodynamic drag) 
within a canopy also effects the mean f low profile and individual 
vegetative elements have a pronounced effect on the instantaneous 
f low structure and turbulence intensity which wi l l consequently 
impact upon suspended sediment dynamics. PETHICK et al. ( 1 9 9 0 ) 
first observed an apparent discontinuity in the mean f low profile 
(at z = 3 - 1 0 cm) through a ful ly submerged canopy o f S.anglica 
vegetation, which, they postulated, separated two distinct f low 
regimes. Calculating shear velocities, PETHICK et al. ( 1 9 9 0 ) 
observed sub-critical velocities for suspension in the lower layer, 
while friction velocities in the upper layer were super-critical. The 
authors hypothesized that the layers were effectively isolated from 
one another - with possible implications for sedimentation on the 
marsh surface. With recent advances in cunwit meter technology 
(notably Doppler Velocimetery) observation o f regions 
differentiated, not only by time-averaged velocity, but turbulent 
structure within aquatic canopies has been possible. NEPF ( 1 9 9 9 ) 
and NEPF and VivoNi ( 2 0 0 0 ) have shown two distinct zones 
within the canopy, manifest (under uniform f low) by distinct 
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vortex sizes and orientations in the stream-wise and cross-stream 
velocity components. In the stem region o f a canopy, the flow 
field is dominated by horizontal motions associated with vortex 
shedding from stems. In a submerged canopy, vertical motions 
arise at the canopy top from the inflected velocity profile typical 
o f submerged canopy f low ( R A U P A C H et al., 1996) and these 
organized motions dominate vertical momentum transport and 
mixing within the canopy. 
G H I S A L B E R T I and N E P F (2002) have shown that for sparse, 
flexible canopies the instability generated at the canopy top can 
penetrate throughout the entire height o f the canopy, mixing 
momentum and, by inference, scalar quantities. This mechanism 
may dominate within-canopy turbulence production, with wake 
production, in the lec o f vegetative elements contributing as little 
as 10% ( R A U P A C H and S H A W , 1982; NEPF and V I V O N I , 2000). For 
rigid canopies, instabilities generated at the canopy top may be 
damped by the canopy crown, thus preventing penetration far into 
the lower canopy. This might prevent the lower layer from 
receiving momentum and scalar quantities and may thus limit 
deposition in accordance with the hypothesis of P E T H I C K et al. 
(1990). Total isolation of the two layers seems unlikely, although 
N E P F and V I V O N I (2000) have emphasized that stratification may 
occur and that the dynamics o f the two layers are fundamentally 
different. Such stratification may have significant implications for 
the vertical distribution of suspended sediments within the canopy 
and thus the structure and dynamics o f the turbulence induced by 
the canopy may play a crucial role in modulating erosion and 
deposition in salt marsh environments. 
A series o f extensive laboratory experiments arc currently being 
conducted (in conjunction with field observations for verification) 
to assess the modifications that S.anglica has on ambient 
hydrodynamics and the way in which these, in turn, may impact 
upon within-canopy suspended sediment dynamics. As part o f 
these experiments, the validity o f the notion that two separated 
f low layers occur in the canopy w i l l be assessed and the possible 
consequences of this on deposition from suspension examined. 
This paper discusses some methodological concepts for the 
laboratory experiments and presents some preliminary data to 
illustrate our methods. 
M E T H O D S 
As the primary interest is in the impacts of vegetative induced 
modifications to the hydrodynamics on suspended sediments, the 
laboratory experiments were carried out under uniform, steady 
f low in a large annular flume (Figure 1). The flume drives f low in 
the annulus by shear between the water surface and the annular 
l id. Flows of 0.05 - 0.30 m s"' and suspension concentrations of 
50 - 500 mg L"' (characteristic o f marsh surface flows during 
inundation ( L E O N A R D and L U T H E R , 1995; C H R I S T I E et al., 1996; 
C H R I S T I A N S E N et al., 2000; D A V I D S O N - A R N O T T et al., 2002 and 
G R A H A M , unpublished field observations)) are used. The flume is 
partially vegetated (4 m test section) with artificial S.anglica. 
Artificial vegetation, with varying degrees of reality has been 
used previously by a number o f authors to mimic seagrasses (e.g. 
N E P F , 1999; G H I S A L B E R T I and N E P F , 2002) and Spartina ( B O U M A 
et al., 2(X)5). In this study plastic mimics were created, which arc 
dynamically and geometrically similar to the relatively simple 
morphology of S.anglica. Using a 3-point flexural test, an average 
elastic modulus {E^^) was determined for 10 Spartina stems and 
20 leaves (Table 1). A range o f plastic pipes (to mimic stems) and 
sheeting (to mimic leaves) were similariy tested. Semi-rigid nylon 
tubes (diameter 6 mm) and polythene sheet were found to most 
closely match Eproi for stems and leaves, respectively (Enum)-
To mimic the geometry o f Spartina, 6 artificial leaves (100 mm 
length, 10 mm width) are fixed to each nylon tube (150 mm 
length). The completed mimics arc then anchored into Plexiglas 
base plates in a staggered grid array and the base plates affixed to 
the flume bed. 
Figure 2A illustrates the vertical distribution of artificial canopy 
elements obtained by automated analysis o f lateral, binarized 
images of the canopy (Figure 2B). The canopy density is 1000 
stems m " and canopy height (h) is determined as the furthest point 
f rom the bed at which lateral obstruction density diminishes to 1% 
( N E U M E I E R , 2005), thus h = 21.55 cm. The height o f the nylon 
'stems' are also indicated in Figure 2A as the plastic fronds which 
extend upwards beyond this point may become deflected during 
high flow velocities reducing the canopy height. N E U M E I E R (2005) 
has shown that percentage obstruction, as calculated by this 
method, correlates well with the actual vertical distribution o f 
biomass within the canopy and can be used, with confidence, as its 
proxy. Figure 2 illustrates a clear distinction between stem 
(0<z/h<0.35) and crown (0.35<z/h<l) regions. The crown can 
further be broken down into a region occupied by both stems and 
leaves (0.35<z/h<0.7) and a region of lower obstruction density 
occupied only by leaves (0.7<z/h<l). Minor differences in the 
spatial distribution o f leaves, at the canopy top, and stems, near 
the bed, between the three lateral images analyzed in the 
construction of Figure 2 contribute to the standard errors observed 
in these regions relative to the dense central regions of the canopy 
(0.35<z<0.7 cm) where obstruction percentages are high and 
similar between images. 
The flume is equipped with two lOMHz Nortek Doppler 
Velocimeters (NDV). The first is rack mounted which enables 
measurement of f low velocities at any combination of cross-
channel and vertical position. The second is fixed above the 
canopy (z/h=1.16) to provide reference velocities. Individual 
single point measurements are obtained at increments of z = 1 cm 
and time averaged over 10 minutes at 32 Hz to ensure 
convergence of fiow components to a stationary mean. The raw 
data is subjected to a phase-space despiking ( G O R I N G and N I K O R A , 
2002) and low pass filtering to remove instrument noise (BiRON et 
al., 1995) before further analysis. Observations o f the size and 
settling velocities of suspended particulates wil l be undertaken 
with the LabSFLOC (Laboratory Spectral FLOcculation 
Characteristics) system ( M A N N I N G and D Y E R , 1999; G R A T I O T and 
M A N N I N G , 2004) and has been used successfully in a previous 
small scale experiment to examine floe size evolution in response 
to changing canopy density and f low velocity in real S.anglica 
canopies ( G R A H A M and M A N N I N G , 2 0 0 7 ) . 
Erection of 
Figure 1. Schematic o f the annular flume (not to scale). 
Dimensions are annular height (H) and width (w) 0.4m, radius 
3.0m. 
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Figure 2. (A) Vertical profile of mean percentage lateral obstruction ofTered to flow by the artificial canopy. Calculated fit>m 3 lateral images at x = 2, 
1.7 and 1.4 m. Horizontal error bare indicate 95% confidence interval of estimate. Bold, grey dashed lines indicate canopy top (z/h = 1) and stem tops (z/h 
= 0.3125). The dot-dash line (z/h = 0.7) indicates the height of the nylon stems*. (B) An example of 1 lateral photo from which (A) is determined. The 
white box, lower lefl comer, is for scale and has dimensions 2 cm height, 4 cm width. 
As the canopy elements create strong in-homogeneity in the flow 
at several scales (FINNIGAN, 2000) double averages ( R A U P A C H and 
SHAW, 1982) o f flow statistics (denoted by <. . .>) are obtained by 
averaging over 3 local, temporal means obtained with the A D V 
displaced in the cross-stream from the center o f the flume (i.e. at y 
= 17.5,20 and 22.5 cm). Initial experiments indicated that uniform 
flow develops for x > 2 m within canopies o f 500 stems m^. For 
higher densities (i.e. the 1000 stems m'^ used herein), flow is 
assumed to equilibrate at x ^ 2 m, therefore our measurements 
(Figure 3) are made at x = 2 m. 
Table. 1 Calculated Elastic Moduli for prototypical {Ej^d and 
mimic (Ennm) samples. Al l samples were at lower limits o f lest 
bench sensitivity, so averaged E values are determined by best fi t , 
linear regression through test data (r^ and significance values of 
Sample Enrti l r ' ( p ) 
Prototypical Stems 0.92 +- 0.25 0.95 (<0.0I) 
Prototypical Leaves 0.041 +-0.0I 0.84 (<0.0I) 
Sample Emim H ( P ) 
6mm semi rigid Nylon tube 0.83 0.99 (<0.0I) 
Polythene sheet 0.043 0.84 (<0.0I) 
Figure 3 A-C illustrates typical vertical profiles of flow 
statistics for the canopy of artificial S.anglica. The flow through 
the canopy is vertically inhomogeneous, with the mean flow 
profile exhibiting a strong inflection at the point (z/h = 1.3) where 
vegetative elements begin to obstruct the flow. Flow velocities are 
severely damped within the canopy when compared to the 
velocities above the canopy. The dependence upon the vertical 
distribution o f canopy elements can be clearly seen. Generally 
there is a reduction in mean velocity within the crown o f the 
canopy and towards the bed, where the biomass thins (i.e. the stem 
region), a secondary velocity maxima is evident. The spatial 
averaged mean Reynolds stress and TKE (Figure 3 B and C) have 
generally low values within the canopy and are approximately 
constant with respect to height within the stem region and lower 
crown. Approaching the canopy top Reynolds stress and TKE 
values increase, peaking at z/h = 1.3 before decaying with 
increasing distance fmm the canopy top. 
DISCUSSION 
Flow through the submerged canopy (Figure 3 A ) exhibits 
behavior typical of canopy flow oteerved in both terrestrial 
( R A U P A C H 1988; RAUPACH et al., 1996) and aquatic (GHISALBERTI 
and NEPF, 2002; NEUMEIER, 2005; NEUMEIER, 2007) canopies and 
generally conforms to conceptual models o f depth-limited flow in 
which the inflected mean velocity profile indicates the presence o f 
a mixing layer above the canopy. The Reynolds stress peaks at the 
canopy top, and then decays towards the water surface, indicating 
that it is not purely a result o f the intense shear above the canopy 
induced by the proximity o f the annular l id. The generation o f 
intermittent vortices at the canopy top associated with mixing 
layer, contributes to the Reynolds stress peak. The mean case 
presented here is resolved into extreme and intermittent 
contributions o f down-ward directed momentum transfer and 
further work wi l l fijily elucidate the structure o f turbulence at the 
canopy top within the canopy itself. 
The secondary velocity maxima observed near the bed in Figure 
3A has been seen in previous laboratory experiments (PETHICK et 
al., 1990; S H I et al.. 1995; NEPF ei al., 1997b) and in the field 
(LEONARD and LUTHER, 1995) and can be attributed to the 
relatively reduced drag near the bed, in comparison to regions 
higher in the canopy. The complexity o f 'rear canopies - notably 
the presence o f dead and decaying litter near the bed and biogenic 
surface roughness - is not reflected by the simple mimics 
employed in these laboratory experiments. The presence o f such 
clearly defined near bed, secondary maxima in the field, in 
response to variations in canopy density, remains to be 
conclusively shown to rule out this phenomena as a laboratory 
artifact. Using the vertical profile of average lateral obstruction 
density (Figure 2) as a guide, we defined the stem height as 
15.5cm and the total canopy height as 2l.55cnL It is clear, from 
Figure 3 A - C, that the flow responds strongly to the significantly 
lower densities o f Meaves' that extend into the flow above z/h = 
0.7. An inflection in the mean velocity profile and peaks in 
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Figure 3. Vertical profiles of the spatially averaged mean stream-wise velocity (A) , stream-wise Reynolds stress (B) and Turbulence 
Kinetic Energy (C). Horizontal error bars indicate 95% confidence interval o f estimate (in most cases significantly smaller than marker 
and therefore omitted). Bold, grey dashed and dot-dash horizontal lines as for Figure 2. 
Reynolds stress and TKE are typically found at z/h = I in depth-
limited flow through vegetation. The agreement with Figure 3 
indicates that the canopy does not become significantly dctlectcd, 
c\ cii under flow velocities in excess of 0.2m s ' and our estimate 
o f h from Figure 2A are reasonable even during submergence. 
In previous studies, Spartina has been mimicked using very 
simple models, for example B O U M A et al. (2005) utilized cable 
ties, as the influence o f the canopy on bulk flow properties has 
been o f interest rather than the influence of canopy elements on 
the small scale f low structure. As attention is turned to events at 
finer spatio-temporal scales, the form of the canopy elements and 
their dynamic response to imposed loading has a critical effect on 
the observed fluid motions. Despite the structural non-uniformity 
and the wide variation in response to loading that might be 
expected from prototypical S.angiica, we have produced artificial 
vegetation that closely mimics both the geometric and dynamic 
characteristics o f the prototypes tested. However, the time 
dependence o f biological material properties confers a spatial and 
temporal heterogeneity on the mechanical behavior of the plant 
and its constituent parts (NiKl-AS, 1992) that we are unable to 
reproduce with our artificial canopy. As such, although our 
canopy represents an improvement on simple mimics used in 
previous studies, it reflects, at best, a snapshot of the properties of 
S.anglica at one moment in time. 
The low values of stress and T K E observed within the canopy 
(Figures 3 B and C) are below those commonly observed in open 
coastal and estuarine waters as a result o f the very low flow 
velocities and, perhaps, the use of a flume with smooth 
boundaries. We hypothesize that in this low turbulence 
environment, deep within the canopy, shear mediated floe growth 
doesn't because TKE values are below optimum thresholds for 
floe development. It is more likely that susp>ended particles within 
the canopy have characteristics inherited from higher shear 
environments, through which they were advected before entering 
the canopy. The leading edges o f vegetative stands, where 
velocities and turbulence intensities are higher than deep within 
the canopy, is an exciting area of future investigation. These are 
locations o f dis-equilibrium between the flow and the canopy 
where there may be sudden, significant changes in floe 
characteristics. Deep within a vegetative stand, and under low 
flow velocities, the presence o f physical obstructions (stems and 
leaves) may passively capture/filter particles as they settle from 
suspension ( E L U O T , 2000; P A L M E R et al., 2 0 0 4 ) , thus reducing the 
total settling flux to the bed. Field studies by F R E N C H and 
S P E N C E R (1993), however, have shown that direct sedimentation 
to plant surfaces may only account for 2 - 5% of total deposition. 
The physical presence of the stems themselves may be important 
in particle capture or mechanical disruption/disaggregation of 
flocculated particles such that the overall floe sizes and settling 
velocities are reduced within the canopy. We routinely observed a 
rapid, initial reduction in suspension concentration during 
laboratory experiments in the vegetated flume, which we have 
attributed to equilibration of the particle size distribution with the 
hydrodynamic regime and the rapid settling o f large floes to plant 
surfaces. Flocculation is a dynamically active process and 
aggregate size and density continually change in response to 
ambient environmental conditions. It is unlikely that suspended 
floes are ever in equilibrium with imposed shears and, as such, the 
influence o f mechanical destruction and passive filtration by 
vegetation may play the most important role in regulating particle 
size and suspension concentration within the canopy. 
The use of the annular flume allows us to avoid damage to 
flocculated particles and its size ensures that length scales of 
turbulent motion are similar to those encountered in the field. It is 
recognized that there are also some limitations. The current 
experimental setup allows only the examination of flow through a 
submerged canopy under conditions o f uniform flow. The flows 
experienced in the field are highly unsteady, driven by pressure 
gradients with important acceleration/deceleration terms, but this 
intrinsic instability is neglected in our experimental setup. 
Likewise, the influence o f surface waves is ignored. Water depth 
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is likely to offer a strong control on the turbulence structure within 
the water column, with wave superimposition and straining further 
influencing the dynamics o f shallow vegetated flows. Tidal 
inundation means that the canopy undergoes periodic immersion, 
with submergence perhaps limited to tides around Highest 
Astronomical Tide, though submersion frequency and inundation 
depth wi l l depend on the elevation of the marsh in the tidal frame. 
The majority o f inundations may not fu l ly cover the canopy and in 
such shallow waters, turbulence and the distribution o f suspended 
particulates throughout the water column, is likely to be 
dominated by the oscillatory motion o f surface wind-waves. The 
low flow velocities experienced near High Water, when a canopy 
of S.anglica may become submerged, are likely to be insufficient 
to generate instabilities at the canopy top. GHISALBERTI and NEPF 
(2002) have demonstrated that current speeds o f approximately 10 
cm s ' are required to generate the inflection point instability. For 
this reason, field data of velocity profiles within depth-limited 
vegetated flows may be unlikey to show the characteristic 
inflected velocity profile that is observed in the laboratpry. Orbital 
motions associated with wind-waves and vortex shedding from 
vegetative stems may dominate and play a more significant role in 
the aggregation/disaggregation and dispersion o f suspended 
particulates. The presence of the annular lid limits the water depth 
and, as flow in the flume is driven by shear at the surface rather 
than horizontal pressure gradients, surface slopes that are observed 
in the field cannot be recreated. It is important to stress, however, 
that these laboratory experiments allow detailed measurements o f 
the flow within the canopy to be obtained in a controlled and 
methodical manner that would not be possible in the field. Further 
experiments w i l l concentrate on the behavior o f cohesive 
suspensions in the vegetated flume. 
CONCLUSIONS 
This paper has discussed an experimental setup and 
methodology, to be utilized to explore the biophysical interactions 
between a common marsh macrophyte, S.anglica, ambient 
hydrodynamics and suspended sediment dynamics. We have 
outlined the construction o f artificial vegetation and have shown 
we are able to produced mimics that are extremely closely 
matched, in terms o f their geometry and dynamic response to 
imposed loading, with real S.anglica vegetation. Initial profiles of 
(U) and i^-pi^)) indicate close agreement with conceptual 
models and previously published works for flow through depth-
limited canopies illustrating that our S.anglica mimics behave 
similariy to real canopies. We have speculated on the impact that 
the flow modifications induced by the canopy may have on SPM 
dynamics. Recently completed field experiments wi l l verify the 
flow velocities and shear stresses observed during the laboratory 
experiments and provide information on the dynamics o f f low 
through both depth-limited and emergent vegetation as both 
canopy-flow regimes occur during a typical inundation o f a 
prototypical salt marsh surface. 
Further laboratory work wil l examine the structure of the 
turbulent motions within the canopy and explore the implications 
for suspended sediment transport and flocculation dynamics. It is 
speculated, based on the low mean stress levels and the presence 
of obstructive elements in the flow, that there wi l l be a r^uct ion 
in floe size within the canopy in comparison to open water floe 
sizes. Two main mechanisms are likely to be responsible for this; 
immediate settling o f laige fractions (directly to the bed or 
passively intercepted and filtered by vegetative elements) in 
reduced velocity flows; and mechanical disaggregation promoted 
by the physical obstruction offered by the vegetation. 
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Suspended cohesive sediments, typically in flocculated form, are ubiquitous 
throughout the entire fluvial to mahne continuum. Understanding the behaviour of 
flocculated particles is of fundamental importance in understanding dynamics of 
cohesive suspensions since the process of flocculation dramatically increases the 
settling velocity and mass settling flux in companson to single particle settl ing. The 
formation of large porous aggregates from smaller particles complicates the 
prediction of the behaviour of cohesive suspensions since settling cannot be related 
simply to particle size. Simultaneous observation of both the size and the still water 
settling velocity of flocculated particles is crucial if settling fluxes are to be accurately 
estimated. Knowledge of these parameters allows excess, or effective, densities to 
be estimated and thus mass fluxes derived for the suspensions. A number of optical 
- principally video based - methods have been developed for the simultaneous 
measurement of size and settling velocity of flocculated particles. These include the 
University of Plymouth's INSSEV (Fennessy et al.. 1994; Manning and Dyer, 1999). 
INSIPID (Benson and French. 2007), DFC (Mikkelsen et al. 2004) and DIPSTIC (Kim 
and Sanford, 2007) to name but a few. Optical systems are generally limited to a 
small depth of field since the focal plane of video systems capable of imaging 
particles on the micron to millimetre scale is narrow. As a consequence the total 
sampling volumes of such instruments are small and the size of suspended particles 
outside the focal plane may not be accurately represented duhng analysis. In 
addition video based methods have traditionally had long data processing times 
since particle parameterisations are derived manually. Recently, however, there has 
been a dnve towards semi-automation in certain systems (Fox et al. 2004) with full, 
real time particle sizing and tracking In others (Kim and Sanford, 2007). 
Holography is a promising technique for high resolution imaging of small 
objects and in-line systems are proven for imaging marine particles in-situ (Malkiel et 
al. 1999; Owen and Zozulya, 2000; Watson et al, 2001). A novel digital in-line 
holography system has been developed at the University of Plymouth to obtain 
synoptic in-situ measurements of suspended particle size, shape and concentration. 
W e present details of an experimental modification to this system which enables the 
measurement of both size and settling velocity of cohesive sediments in a fully 
automated manner. The optical setup for the in-line holographic system is illustrated 
in Figure 1A. Diffraction created by particles settling through a coll imated laser beam 
(532nm. lOOmW) generates interference fringes (Figure 1B and 2A) which are 
recorded by CCD with a field of view of 7 4mm by 7.4mm (1002 by 1004 pixels, 7.4 
Mm per pixel). 
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Figure 1 Schematics of simplified optical setup for digital in-line holography (A), diffraction by particle 
and the creation of interference fringes on the C C D (B) which are numencally reconstructed to 
produce in-focus images of the scatterers within the sampling volume (C). 
Individual f rames are numerical reconstructed using a Frensel transformation in the 
spectral domain (Milgram and Li, 2002; Sheng. 2006) to produce, from a single 2D 
image, a stack of plane slices through the sampling volume (Figure 1C). Objects 
within the sampling volume can be focused individually to produce sharp, in-focus 
particle images at high resolution (Figure 2B) over a substantial depth of field, 
resulting in an effective sampling volume of 7.4cm^. From these images size and 
shape metrics can be derived. 
B 
Figure 2 Raw' hologram demonstrating interference fringes around scatters in field of 
view (A) and montage of reconstructed, in-focus. flocculated particles extracted from 
randomly selected holograms (B). Notice the pronounced non-sphericity and the ragged' 
perimeters characteristic of flocculated particles Sca le bar in (B) is SOOpm 
For the purpose of settling velocity estimation, particle settling must be observed in 
still water so the digital in-line holographic system (which was Initially designed for 
submersible imaging of marine particles) has been equipped with a settling column 
for ex-situ sampling of suspended sediments (Figure 3 A and B). A small volume of 
turbid suspension is withdrawn from a source (in this case a large annular flume) 
using a wide bore pipette, to minimize disruption to fragile, flocculated aggregates, in 
a similar manner to the methodology of Manning et al. (2007). The particulates are 
then allowed to settle through the laser beam which crosses the settling column. 
Images of settling particles are captured at 10Hz for duration of approximately 150 
seconds and are stored for post-processing. 
Figure 3 Ex-situ setup of digital in-line holographic system (A) with close up of settling 
column (B). Perspex column dimensions are w=100.d=100,h=1900mm. 45mm diameter 
sapphire glass ports allow the laser beam entry and exit to the column. Black horizontal bars 
in both images are approximately 100mm in length. 
Image time stacks are processed in a fully automated manner to derive particle size 
and settling velocity distributions. Image reconstruction is followed by analysis of the 
spatial variation in the standard deviation of Intensity values through the 
reconstructed image to identify the approximate 2D position of objects within the 
sampling volume. Global segmentation of the resulting map over the entire field of 
view, using the method of Lintern and Sills (2006). allows the approximate location 
and size of objects in the image to be identified. Regions of interest are generated 
around each identified object in the field of view and in-focus particle images are 
extracted from variable depths viflthin the reconstructed image. Each of these sub-
images of Individual particles (Figure 4A) is subjected to a sequence of edge 
detection (Figure 4B), morphological closure (4C) and convex hull estimation (4D) in 
order to derive the projected area of the particle (4E). 
B ,^  c 
Figure 4 P r o c e s s i n g s e q u e n c e for projected area est imation (E) from in - focus particle image 
(A). 
Projected area estimates are used to define a spherical equivalent particle size. The 
spatial co-ordinates of the particles centrold. relative to the field of view, is 
established and the particle trajectory is then tracked across multiple frames using a 
combination of logic and 2D gray-scale cross correlation. Cross correlation between 
successive particle images enables sub-pixel accuracy of particle motion and 
reduces the likelihood of spurious particle matches between frames. Figure 5A 
illustrates the trajectory of a single particle moving across the field of view, which has 
been successfully tracked over 11 consecutive frames. Particle specific statistics 
(such as the projected area. Figure 5B) are calculated for each of the 11 particle 
realisation (in-focus images of the particle are illustrated in Figure 5C to confirm that 
the same particle is tracked over all frames). Some variation in the projected area 
estimated can be observed over the trajectory. This is associated with particle size 
and shape change due to variability in the result of segmentation (Figure 5D). 
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Figure 5 Graphical illustration of particle tracking across field of view (A). Projected area variations 
over the trajectory are shown in (B) . The black dashed line indicated the trajectory averaged projected 
area (i.e. arithmetic mean of 11 realisations). The red dashed line indicates ± 1 0 % of the trajectory 
averaged value. Individual, in-focus particle images ( C ) and their segmented counterparts, prior to 
convex hull fitting (D) are also shown. 
One significant benefit of a tracking method that generates particle statistics over 
multiple particle realisations is that trajectory averaged particle statistics can be 
generated with associated error estimates. Particle settling velocity is calculated 
from the frame-to-frame displacement of a tracked particle and trajectory averaged 
estimates and confidence intervals similarly generated. The algorithms utilised by 
Fennessy et al. (1994) and further modified by Manning (2004) are used to calculate 
values of effective density, dry mass, porosity and mass settling flux for each particle 
within a sample. These parameters are also trajectory averaged As an illustration of 
the power of this technique, results from a single settling experiment are presented 
in Figure 6. A total of 671 separate particles have been individually tracked and are 
presented as two distinct size fractions (micro floes < 160 [ jm and macrofloc >160 
Mm) based on the distinction proposed by Manning (2001). The settling population is 
heavily dominated by the microfloc fraction (>80% by number). 
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Figure 6 Illustration of particle statistics 
automatically derived from a single 
holographic settling experiment. Trajectory 
averaged particle settling velocity (A) and 
effective density (B) as functions of spherical 
equivalent particle diameter diameter (error 
bars indicate CI of average at d = 0.05). S ize 
banded particle size (C) , settling velocity (D) 
and m a s s settling flux (E) distributions. Red 
coloration Indicates microfloc. and blue the 
macrofloc fraction. 
Trajectory averaged settling velocities of this sample range from 0.01 - 5.72 mm s'^ 
and calculated effective densities range from 11.48 - 1580.71 kg m'^. The 
distributions of settling velocity and effective density as functions of particle size 
(30.07 - 443.05 pm equivalent spherical diameter) conform to power \avj relations, 
typical of flocculated suspensions. Figure 6C clearly shows a poiymodal particle size 
distribution, skewed towards the slow settling microfloc fraction. Sample averaged 
settling velocities for microflocs are 0.57 mm s'^ and for macroflocs are 2.05 mm s'\ 
Although the macrofloc fraction comprises only a relatively small number of 
individual particles, their large size means they are dominant in terms of the mass 
distribution. Greater settling velocities than the microfloc fraction means macroflocs 
dominate the mass settling flux (Figure 6E) which is calculated for the sample as the 
product of size-band-averaged settling velocity and mass concentration estimates. 
As an experimental extension of an existing digital in-line holographic particle 
imaging system, automated settling velocity determination has proven to be 
extremely effective. This technique allows settling particles (approximately 10 -
7500|jm) to be tracked at high frequency within a sample volume of 7.4cm^. At 
present only laboratory settling data are available but the system produces particle 
sizes, settling velocities and effective densities which are comparable to previously 
published research. It is conceivable that, with only minor modifications to the 
existing holographic system, in-situ size and settling velocity information could be 
obtained and processed in an autonomous fashion. The major, potential, benefits 
over existing video based systems that measure size and settling velocity are two 
fold. Firstly, the greatly enlarged sampling volume and the ability to sharply focus 
particles anywhere within this volume allows accurate representation of particle 
properties without bias by out-of-focus particles. Secondly, image reconstruction, 
particle identification, sizing and tracking is fully automated The automated analysis 
is carried out on a 1.6GHz T2050 (1Gb RAM) and speed up in 'per sample' analysis 
time by approximately a factor of 10 over manual particle sizing and tacking is 
achieved. Further reductions in the time delay between image acquisition and the 
generation of particle size and settling velocity statistics are envisaged as massive 
parallelisation of the reconstruction and size/settling velocity extraction algorithms 
are investigated using a distributed computational grid available at the University of 
Plymouth and recent developments in GPU processing. 
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Abstract 
There is increasing interest in tidal wetlands as mechanisms for sustainable and long-term coastal defence. The 
complexilies o f the interaction between the deposition of suspended particulate matter (SPM) and submerged vegetation, 
however, is to a large extent poorly understood. Consequently, accurate parameterisalion o f cohesive sediment settling 
fluxes in these environments is a crucial requirement fo r the development o f high-resolution numerical models o f wetland 
morphodynamics. A novel laboratory experiment is described in which the turbulent flow structure wi th in a canopy o f the 
halophylic macrophyte Spartina anglica is examined, and floe characteristics quanlified using a unique floe camera 
configuration able to measure directly the fu l l spectral floe size (£)) and settling velocity {W^. We provide the first 
quantitative observations o f floe characteristics f rom shallow ( / i<0 .5m) , vegetated flows and investigate the potential 
influence that variations in vegetative density may have on flocculaiion, and thus depositional fluxes, in comparison to 
unvegetatcd flows. 
Turbid mud suspensions with concentrations of 100, 250 and 5 0 0 m g L ~ ' were sheared at current speeds o f 0.1, 0.2 and 
0.3 ms~' through mono-culture arrays o f 5. anglica in an annular flume. Experimental stem densities were set al 200, 400 
and 800 stems m~^. Mean absolute velocity exhibits an inverse, approximately exponential relationship with vegetative 
density. The threshold for maximum current attenuation (an 89-90% reduction o f free stream velocity) is 400 stems m~^. D 
and H^, range over 3 orders o f magnitude f rom 20 to 1265 nm and f rom 3.96 x I0~^ to 3.37 mm s"', respectively. Max imum 
D is larger by a factor o f 18 than that observed during the closest comparable in situ study. Our observations exhibit a 
pronounced positive skew due to incorporation o f large, low-densily, fast seilling aggregates wi th maximum 33% 
greater than that used in current exploratory numerical models o f saltmarsh surface deposition, and 236% greater than 
that observed during previous in situ studies. The inability to include the largest macroflocs ( > 160 jim)—the lop 4 % o f our 
data set (ranked according to D) comprising 223 individuals between 250.46 and 1265.19 pm w i t h settling speeds o f 
0.23-3.37mms~')—may lead to serious under prediction o f total mass settling flux (MSF) . Parameterisaiion and 
incorporation o f these observed distributions for use in numerical models o f cohesive sediment deposition on saltmarsh 
surfaces is a high priority. 
© 2007 Elsevier L i d . A l l rights reserved. 
Keywords: Sallmarsh; Flocculalicn; Suspended sediments; Spartina anglica; Sedimentation; Annular flume 
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1. Introduction 
Many wetlands are under threat f rom erosion and 
are disappearing at an unprecedented rate. It has 
been estimated that relative sea level rise wil l result 
in the loss o f 8-10 x 10^ ha o f intertidal mudflats 
and saltmarshes in England between 1993 and 2013 
(Pye and French, 1992). The current estimate of 
saltmarsh loss to coastal squeeze and erosion is in 
the region o f 100 ha year"* ( U K B A P , 1999). 
Increasingly there is interest in sustainable, long-
term coastal defence strategies, and tidal wetlands 
may have the potential to offset, at least locally, 
adverse effects o f sea level rise. The wave damping 
and current attenuation capabilities of saltmarshes 
have received considerable research attention (e.g. 
Moller et al., 1999; Moller and Spencer, 2002). 
Consequently, they are increasingly being advo-
cated as viable mechanisms for 'natural ' coastal 
defence (Pethick and Burd, 1993). The viability of 
saltmarshes for coastal defence depends heavily 
upon their ability to maintain relative elevation 
within the tidal frame. This relies, in part, upon the 
accumulation o f suspended particulate matter 
(SPM) at a rate sufficient to keep pace with relative 
sea level rise (Allen, 2000). 
Sedimentation in principally allochthonous tidal 
saltmarshes (e.g. as in the Tamar estuary, U K ) is 
dominated by the advection of fine (cohesive) 
sediments f rom estuarine source waters across the 
saltmarsh surfaces during flood tide inundation. 
Deposition rates are regulated by complex interac-
tions between the hydroperiod, import concentra-
tions, saltmarsh surface topography, deposition 
processes and surface vegetation (Reed, 2003). 
However, complete understanding of the mechan-
isms regulating accumulation, and thus the predic-
tion o f vertical adjustment within the tidal frame, is 
still allusive. 
A small range o f physically based numerical 
models have been developed to help understand 
long-term (50-1000 years) vertical saltmarsh dy-
namics in response to relative sea level and 
suspension concentration variations, but these are 
essentially aspatial. Over shorter timescales, the use 
o f I D spatially distributed modelling approaches 
for the investigation o f governing processes (e.g. the 
cross shore transect approach to morphological 
evolution (Woolnough et al., 1995)) have shown 
that variation in particle size and settling velocity 
has an important influence on spatial patterning of 
sediment deposition and the development of geo-
morphic gradients over short (individual tides 
years) timescales. 
The inability to model accurately the morpholo-
gical response is partly because research on the 
suspended sediment dynamics of shallow vegetated 
flows is sparse as, in turn, it is dependant upon a 
comprehensive understanding of canopy fluid dy-
namics (see Bouma et al., 2007; Neumeier, 2007). In 
particular, the importance o f the within-canopy 
flocculation processes are poorly understood. Floc-
culation is a dynamically active process through 
which the settling velocities o f cohesive sediments, 
and thus vertical concentration gradients, deposi-
tion and accumulation, are actively altered via 
aggregation/disaggregation o f suspended particles. 
Detailed observations of floe sizes and settling 
velocities, along with an assessment of the spatio-
temporal variation in particulate characteristics 
within vegetated flows, are required for the accurate 
parameterisation o f depositional fluxes. 
The presence of vegetative obstructions modifies 
the mean flow velocities and turbulent intensities in 
comparison to unobstructed flows (Neumeier, 
2007). These alterations, in turn, may affect the 
flocculation process causing variations in the 
dcpositional flux. Sediment accumulation on 
the bed within canopies may therefore be dilTcrcnt 
from that observed in unvegetated flows. Whilst 
hydrodynamic modifications to flow through wetland 
vegetation have been investigated widely (Pethick 
et al., 1990; Leonard and Luther, 1995; Nepf, 1999; 
Nepf and Vivoni. 2000; Leonard and Reed, 2002), the 
possible impacts upon suspended aggregates and, 
consequently, the depositional flux to the bed, have 
never been more than speculatively postulated. 
Shi et al. (1995, 1996) proposed that the genera-
tion o f turbulence and consequent variations in 
shear stresses due to vortex shedding in the lee of 
vegetative stems may influence flocculation and thus 
the settling velocity of SPM. Braskerud (2001) 
suggested that turbulent wakes are likely to promote 
inter-particle collisions, and thus enhance settling. 
Floe characteristics (such as sxtjc and settling 
velocity) may well undergo alteration as the ambient 
hydrodynamics, particularly turbulent shear stresses 
(TSSs), are modified with flow through vegetation, 
but there are no studies that have expressly 
examined this process. 
Quantitative observations of floe size, settling 
velocity and mass settling fluxes (MSFs) within 
vegetated flows, f rom which model parameterisa-
tions are derived are lacking. French et al. (1993) 
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observed flocculated aggregates in saltmarsh surface 
waters of between 100 and IOOO^m. In mangrove 
swamps, Furukawa et al. (1997) observed floe sizes 
of 20-IOO^m and attributed the absence of long, 
'string o f pearls' type floes, commonly observed in 
European estuaries (Eisma et al., 1990; Manning 
and Dyer, 2002), to mechanical destruction on 
contact with dense vegetation. Crucially, neither 
French et al. (1993) or Furukawa et al. (1997) were 
able to provide information on particle settling 
velocities or effective densities that are critical for 
determining floe mass and estimating depositional 
fluxes. 
Little is known of the variation in suspended 
grain size distributions over saltmarsh surfaces 
though there are indications of gradients f rom 
source to saltmarsh interior. Peihick (1981) specu-
lated, and Christiansen et al. (2000) proposed, that 
floccuiation plays an important role in the develop-
ment o f geomorphic gradients as a result of 
saltmarsh surface sediment deposition. Christiansen 
el al. (2000) suggested that there is a gradient in 
flocculation-mediated deposition with, conse-
quently, a gradient in floe size: 70-80% of material 
deposited within 8 m of a tidal creek is in flocculated 
form (as aggregates > 50 urn), whilst in the interior 
only primary particles and *smair floes are depos-
ited. Such gradients are likely to be regulated by 
advection (French and Spencer, 1993) with varia-
tion in floe characteristics being a complex function 
of the declining flow velocity, SPM concentration 
and variation in vegetative density. The influence of 
the latter on floccuiation processes is at present 
speculative and hypothetical. 
The only in situ study o f suspended particle size 
distributions o f which we are aware is that of 
Voulgaris and Meyers (2004), in which spherical 
equivalent floe diameter {D) and settling velocity 
(Wj) data were obtained f rom a tidal creek and a 
Spanina altemiflora saltmarsh surface. In the creek, 
floe sizes of 32-50 nm, and tidally averaged settling 
velocities of 0.07-0.37 mm s"' were observed. How-
ever, only invariant, tidally averaged settling velo-
cities o f 0.24mms~' for floes observed within the 
vegetation were presented. 
The regions of highest turbulence within stands of 
Spartina anglica have been shown to exist in the 
upper 1/3 of the canopy during ful l submergence 
(Leonard and Luther, 1995; Leonard and Reed, 
2002; Neumeier, 2007), whilst the reduced vegeta-
tive density, biomass and, consequently, vegetative 
drag o f the leafless *stem' region of the S. anglica 
macrophyte has been associated with near bed, 
secondary maxima in both flow and shear stress 
(Pethick et al., 1990; Shi et al., 1995; Leonard and 
Luther, 1995; Nepf and Vivoni, 2000). It has been 
hypothesised that this flow layer exerts the most 
significant influence on deposition (Pethick et al., 
1990). Therefore, modifications to floe character-
istics within this near-bed region are likely to have 
considerable impact on depositional fluxes. 
This paper presents results f rom a novel labora-
tory investigation that utilises a vegetated annular 
flume and floe imaging technology to produce a 
data set o f the settling characteristics of particulates 
suspended within shallow vegetated {S. anglica) 
flows. These observations are compared with values 
o f D and Wg used in current numerical models and 
f rom in situ studies. 
2. Materials and methods 
2.7. Experimental setup and instrumentation 
S. anglica (common cord grass) stems were 
harvested in June 2004 f rom a saltmarsh at Kings-
mi l l Lake, Tamar estuary, U K . The characteristics 
o f these macrophytes are shown in Table I . Stems 
were cleaned of algae and secured into 12 mm 
Plexiglas plates, using silicone sealant in a stag-
gered, regular grid array to minimise wake-shelter-
ing effects (Nepf, 1999). 
The plates fitted exactly into the base o f Lab 
Carousel (Fig. 1), the annular flume of the National 
Oceanography Centre Southampton, which was 
used to create regular and repeatable shallow flow 
.conditions through the S. anglica canopy. Lab 
JCarousel has an overall diameter of 2 m, a channel 
width ( i f ) o f 0.15 m, and height (/i) of 0.45 m. Flow 
is initiated by rotating an annular ring, fitted with 
eight equidistant paddles using a digital stepper 
motor. For a fu l l description o f Lab Carousel, see 
Thompson et al. (2003). Measurements of 3D flow 
components were acquired with a N o r t e k ® 16 M H z 
acoustic Doppler velocimeler ( A D V ) , the sampling 
Table I 
Mean characteristics of S. anglica plants (n = 648) used during 
experiments 
Total height Stem height Stem diameter No. or 
(mm) (mm) (mm) leaves 
274 56 6 5 
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Direction ol Flow 
Fig I. Schema of Lab Carousel (not to scale) (see Section 2.1 Tor details). 
volume o f which was positioned mid-channel at 
r = 45 mm above the bed. Since the A D V is sensitive 
to obstruction of its acoustic beams, vegetation 
immediately beneath the transducer was removed 
f rom the flume. Data acquisition was at 25 Hz. 
A base slurry (137 ± 31 g L ~ ' ) was made up using 
Tamar estuary mud, f rom which the different 
experimental shearing concentrations were derived 
by dilut ion. The slurry was homogenised manually, 
then allowed to stand for 2min to settle out 
particles > 6 4 ^ m , before a surface sub-sample was 
decanted for di lut ion. This prevents the destruction 
o f filamentous biological material which plays a 
crucial role in enhancing flocculation. The miner-
al:organic mass ratios, derived f rom loss on ignition 
(450 "C for 4.5 h) o f the base slurry were 90.0 
( ± 2 . 3 ) : 10.1 ( ± 2 . 3 ) % total weight. Low angle laser 
light scattering ( L A L L S ) particle sizing was under-
taken after pre-treatment with 6% H2O2 and 8% 
sodium hexametaphosphate. The primary grain size 
distribution of the base slurry was multi-modal, 
comprising ~ 8 0 % fines (predominantly silt with a 
size range o f 3.9-26.5 nm), with a tail o f coarser 
sands (Fig. 2). The largest mode was 6.7 ^ m . The 
mineralogical composition of the intertidal sedi-
ments of the Tamar is dominated by the presence of 
kaolinite, along with smaller quantities o f illite and 
montmorillonite (Fitzpatrick, 1991). 
Intact floe samples were obtained f rom the flow 
using non-intrusive, high-resolution video technol-
ogy (Fennessy et al., 1994), adapted fo r the 
laboratory in the form of the laboratory spectral 
flocculation characteristics (LabSFLOC) system. 
This system records the gravitational settling o f 
floes, f rom a fixed volume of fluid extracted f rom 
the flume, in a still water settling column allowing 
size and settling velocity to be determined (Manning 
and Dyer, 1999; Gratiot and Manning, 2004). 
2.2. Experimental parameters 
Free-stream flow velocities (Us) of 0.1, 0.2 and 
0.3 ms~' were selected for the flume runs, based on 
typical flow velocities over intertidal mud flats 
( < 0 . 2 5 m s " ' : Christie et al., 1996), and over salt-
marsh surfaces during inundation (<0 .20ms~ ' , 
generally <O. IOms" ' : Leonard and Luther, 1995; 
Davidson-Arnott et al., 2002; Christiansen et al., 
2000). 
Saltmarsh surface SPM concentrations range 
f rom 5 to 2 0 0 m g L " ' (van Proosdij et al., 2000; 
Temmerman et al., 2003), although under extreme 
conditions these can rise to several grams per litre 
(e.g. Brown, 1998). Therefore, suspension concen-
trations of 150, 250 and 500 mg L ~ ' were used in the 
flume, with the wider experimental range providing 
an optimum balance between low concentrations 
that settled out o f suspension before floe sampling 
was conducted and higher concentrations f rom 
which the likelihood of obtaining a 'well-populated' 
floe sample was increased. 
Vegetative densities (Vj) o f 200, 400 and 
800 stems m~^ were chosen for the canopies used 
in the flume to cover the range o f densities observed 
in the field during collection o f S. anglica stems (see 
Section 2.1). 
A salinity of 25 was maintained within the flume 
to mimic the characteristic salinity of the field site 
(J. Widdows, pers. comm.). Water temperature 
(24 C) was dictated by laboratory air temperature, 
and remained constant during experiments. 
2.3. Experimental protocol 
The 3 suspensions were sequentially sheared at 
each through the three canopy densities. For 
each combination, an A D V measurement and an 
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undisturbed LabSFLOC sample was obtained f rom 
within the canopy (mid-channel, ai z = 45 mm; see 
Fig. 1). For the 150mgL~' suspension, the water 
column was accelerated to t/;v = 0.3ms~' and 
maintained at this speed for lOmin. Af ter 6min , 
to allow equilibration with the imposed shear, the 
A D V measurement was made (164s burst), fo l -
lowed by the extraction of a floe sample. Flow was 
then reduced to (/Ar = 0 .2ms" ' , and the measure-
ments repeated. Finally, speed was reduced to 
U,w = 0.1 ms~' , with subsequent measurement col-
lection. The progressive reduction of f luid shear in 
this way emulates natural estuarine tidal conditions 
(Manning, 2004). Further slurry was then added to 
achieve a concentration o f 250mgL~ ' , and the 
process repeated. Similarly, more slurry was added 
for the 500mgL~' concentration. Stems were 
removed as necessary to obtain the desired vegeta-
tive densities. For the control experiment with 
= 0, the Plexiglas plates were removed, and the 
smooth (acrylic) base of the flume exposed. Using 
this protocol, 36 floe samples were obtained, with 9 
paired floe and gravimetric samples per stem 
density. 
2.4. Data analysis 
2.4.1. Hydrodynamics 
The turbulence kinetic energy ( T K E ) approach 
was used to provide a measure of the TSS within the 
shearing fluid (Dade et al., 2001). The T K E method 
has been shown to be a robust method for 
measuring total stress over rough beds by Lecou-
turier et al. (2000), and provides the best estimate o f 
shear in complex flow fields around objects as it 
accounts for increased streamwise variation/turbu-
lent fluctuations in proximity to obstructions (Biron 
et al., 2004). Velocity spikes in the A D V time series 
were first removed using the phase-space threshold 
despiking method of Goring and Nikora (2002), and 
replaced with interpolated values. T K E density ( £ ) 
was calculated using 
= o . 5 p ( ; '2 + i / 2 + u ^ 2 ) , 
where p is the water density, and w, u, w are the three 
components o f flow. The shear, t , is equal to 0.19£', 
where the empirical coefficient of proportionality 
(0.19) is generally accepted as valid for most bed 
roughness (Stapleton and Huntley, 1995). 
Turbulence consists of a cascade o f eddy scales, 
and those which influence the sedimentary micro-
hydrodynamics most effectively (Batchelor, 1976) 
are the eddies in the size range between primary 
sedimentary particles (order o f ^m's) and the 
largest, most fragile floes (order of mm's), i.e. the 
dissipating eddies (van Leussen, 1997). From 
dimensional reasoning the size o f the smallest eddies 
is of the order o f the Kolmogorov microscale (;/) 
(Kolmogorov (1941) in van Leussen (1997)), which 
was calculated using 
0.25 
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where e is the energy dissipation per unit mass. 
Molecular viscosity (v) was estimated f rom calcu-
lated water density (p^) and dynamic molecular 
viscosity (ji) using IES80 (Fofonoff, 1985). 
The flow regime was described using a stem 
Reynolds number, {Rcstem). Complex flows through 
arrays o f erect objects (e.g. vegetation) may be 
described in this way, in which the characteristic 
length scale is taken as the average stem diameter 
(Kadlec, 1990), termed the stem Reynolds number. 
I n open channel flow this length is generally 
ascribed to water depth (Re^). In the present study, 
as stem diameter varies vertically with each plant, 
we have calculated stem Reynolds numbers using 
the minimum (3 mm), mean (5 mm) and maximum 
(9 mm) stem diameters used in these experiments. 
R^stem values < 5 indicate laminar flow, whilst those 
> 1000, fu l ly turbulent conditions. In unvegetated 
flow, open channel Reynolds numbers {Re,J) <600 
are indicative o f laminar flow, whilst those > 12,500 
indicate fu l ly turbulent conditions (Kadlec, 1990). 
Note: the leafless part o f each stem occupied the 
height between z = 0-70 mm. 
2.4.2. Floe properties 
Established protocols, summarised below, were 
used for the processing of LabSFLOC imagery 
(Fennessy et al., 1994, 1997; Manning and Dyer, 
1999; Manning, 2001): 
(1) Floe size and settling velocity o f each individual 
floe were measured manually, directly f r o m the 
LabSFLOC video screen. Floe sizes were 
measured along the axis of resultant motion 
{Dy) and that normal to settling (D^). The 
spherical equivalent floe diameter (D) is derived 
f rom D = y/DxDy. is the vertical component 
o f the resultant velocity and requires correction 
to compensate for fluid drag induced by the 
walls o f the settling column (see Fennessy et al., 
1997 for details). 
(2) Floe effective densities (p^) were calculated for 
each individual floe using the measured size, the 
settling velocity (M^j), and a modified application 
o f Stokes* Law (Fennessy et al., 1994, 1997). 
(3) Floe dry mass (Mpdry) was calculated using the 
Fennessy et al. (1997) approximation, as mineral: 
organic mass ratios (see Section 2.1) match those 
used to derive a floe mean dry (mineral + organic) 
density ( p ^ J o f 2256 kg m"-*. Hence 
MF^y = (7 rZ)V6)[p ,p„„ / (p^ - p,,)). 
(4) MSF: The contribution to the total SPM 
concentration made by each individual floe 
was established by converting dry mass into 
suspension concentration. The contribution to 
the depositional flux was then calculated by 
multiplication with floe IV^. Summation for the 
entire LabSFLOC sample data set produced the 
total sample settling flux. 
(5) Floe populations: LabSFLOC produces size and 
settling velocity spectra, but to examine general 
trends in floe properties mass-weighted arith-
metic means (to account for inter-sample density 
differences) o f the parameters D, Ws and M S F 
were calculated for each sample. The mean 
cannot represent accurately the entire 
population distribution, especially in considera-
tion of a flux to the bed. Dyer et al. (1996) 
recommend splitting the spectral distribution 
into discrete components (or sub-populations), 
each with their own mean. Consequently, the 
floe samples have been divided on the basis of 
size into sub-populations o f microflocs 
( < I 6 0 n m ) and macroflocs ( > I60^im), after 
Manning (2001). Mass-weighted arithmetic 
means o f the parameters Ds, W,, and M S F 
were calculated similarly for these sub-
populations. 
3. Results 
3.1. Hydrodynamics 
3.1. J. Mean current velocities 
At 2 = 45 mm, values o f the time-averaged 
current flow for each experimental velocity (U/si) 
are approximately 40-50% o f the free stream 
velocity. Velocities within the vegetative canopy o f 
S. anglica exhibit an approximately exponential 
reduction with increasing stem density (Fig. 3A). 
This trend is evident al all 3 experimental velocities 
and suspension concentrations, but the reduction is 
most pronounced at the highest current velocities. 
The introduction o f sparse vegetation (200stemsm~^) 
reduces the velocity by 63-69%. The most 
significant reduction in mean current velocity occurs 
at a vegetative density o f 400 stems m~^, where 
velocities o f between 0.004 and 0.015ms~' were 
observed (a total reduction o f free stream velocity 
by '^90%). Further increases in vegetative density 
appear not to cause significant changes in current 
velocity. 
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3.1.2. TSS 
Mean TSSs (Fig. 3B) are at least an order of 
magnitude lower than those commonly encountered 
in estuarine settings. Comparison with the calibra-
tion experiments of Thompson et al. (2003) 
(Fig. 3C) indicates that these values are character-
istic for this annular flume. There is obviously a 
positive, though non-linear, relationship between 
current velocity and t , but the variation also 
demonstrates a complex dependence upon obstruc-
tion density. The introduction of vegetation to the 
flume, at a density of 200 stems m~^, increases 
turbulent shear by up to a factor of 3.2 in 
comparison to the unvegetated condition (e.g. f rom 
0.027 to 0 .084Nm"^ at t/Ar = 0 .3ms" ' ) . Wi th a 
further doubling o f vegetative density, a reduction 
in shear stress to a level approximately equal to that 
observed at 0 stems m~^ occurs. A t 800 stems m~^, 
shear stress appears to increases to half that 
experienced within the sparse canopy at all SPMN. 
3.1.3. Kolmogorov eddy size 
Variations in the mean Kolmogorov eddy scale 
('/) (Fig. 3D) are inversely proportional to the 
experimental current velocities. These variations 
exhibit a complicated dependence upon vegetative 
stem density in a similar manner to those o f TSS 
(Fig. 3B). Wi th the introduction of a canopy of 
200stemsm~^, r; decreases by 41-62% o f that 
observed in the unvegetated condition, with 
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declining current velocity. A t 400stems m"^, tj 
increases by 4 1 % and 26% o f ^7^ = 0.1 and 
0.2 ms~ ' . respectively. A t the maximum experimen-
tal velocity, there is a 3% decrease in rj compared to 
the unvegetated condition. The only significant 
increase in f/ at K j = 400 stems m~^, in comparison 
wi th the unvegetated flume, occurs at O.IOms"' . 
The maximum stem density, in comparison to the 
unvegetated flume, causes a reduction in tj o f 43% 
and 5 1 % at = 0.2 and 0.3ms" ' , respectively. 
For U/tf = 0. \ ms~ ' , exhibits no significant varia-
tion compared to that observed at 0 stems m~^. 
Theoretically, the maximum size o f rj should 
regulate the upper l imit o f floe size (van Lcussen, 
1997). Fig. 4 A - C illustrates the mean ratio o f // to 
maximum D with variation in current velocity under 
conditions o f constant SPM^- In all but one o f the 
experiments, I , indicating that dissipative 
eddy sizes are larger than the maximum floe sizes 
observed. A t = 200 and 800 for Uf^ = 0.30 m s~', 
tj/D^]. The exception occurs under conditions of 
Uf^ = 0.2ms-\ 5PM;v = 5 0 0 m g L - ' and K / = 0 
(Fig. 4C), where ti/D = 0.7 indicating the coex-
istence of a floe o f 1265 \im in diameter and an eddy 
size some 42% smaller (890 nm). In the LabSFLOC 
video imagery, this particle appeared as a string of 
smaller particles strongly bound with what we 
assume to be biological filaments (possibly the algae 
Enteromorpha spp.) capable o f resisting the imposed 
shear associated with bridging the turbulent eddy. 
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3.1.4. Reynolds numbers 
Reynolds numbers calculated using the highest 
and lowest velocities f rom vegetated and unvege-
tated experiments are presented in Tables 2 and 3. 
PHow in the unvegetated flume (Table 2) is 
characterised by 7?e,^ ,> 15,000 indicating fully tur-
bulent conditions. Flow through the vegetative 
canopies exhibits lower Reynolds numbers which 
increase with both flow velocity and stem diameter 
(Table 3), ranging f rom about 10-530, and indicat-
ing a transitional flow regime. 
3.2. Floe properties 
Thirty-six fu l l spectral floe samples were obtained 
during these experiments, containing a total of 5722 
individual floe observations. Spherical equivalent 
floe diameter (D) ranged over 3 orders o f magnitude 
f r o m 2 0 n m ( 5 / ' A / A r = lOOmgL" ' , £ / a - = 0.20 m s - ' , 
Krf = 800) (effectively the lower operating limit of 
UbSFLOC)to I265^m(5/ 'A/Ar= SOOmgL"', Ur,= 
0.20ms~', Krf = 0). Similarly, settling velocities 
(M^j) ranged over 3 orders of magnitude f rom 
3.96x lO-^mms" ' iSPM^^ = 250mgL-\ Ui^ = 
0.30ms- ' , K / = 200) to 3 .37mms- ' {SPMN = 
lOOmgL- ' , (/Ar = 0.30 m s - ' , K/ = 0). Effective 
densities varied between 1.06kgm"-* {SPMx = 
500mgL-' ,C/^ = 0.10ms-', K / = 0 ) a n d 1463kgm"^ 
Table 2 
Re„. numbers for maximum and minimum absolute U, al 
r = 450 mm 
Flow velocity (ms~*) Water depth (m) Re^ 
O.IS 0.42 63.703 
0.037 0.42 15.310 
Table 3 
Rejiem numbers for maximum and minimum absolute U, at 
z — 450 mm 
Stem Flow Reurm R^item R^stem 
density velocity (3 mm) (5 mm) (9 mm) 
(m-^) (ms->) 
200 0.061 178 297 534 
200 0.012 35 59 106 
400 0.019 55 92 165 
400 0.004 11 18 32 
SOO 0.019 57 94 170 
800 0.005 15 25 45 
Individual experiments lasted approximately 
9min (6min for shear equilibration and ~ 3 m i n 
for A D V measurements) before floe sample extrac-
t ion. Retrospective calculation o f the theoretical 
flocculation time {Tj) indicates that 86% o f the 
samples would have reached their clear water 
equilibrium state within 9min . 
Illustrative frequency distribution o f / ) , H^^, dry 
mass and pe are presented in Fig. 5 A - D . These are 
derived f rom floe samples f rom each experimental 
canopy density, and conditions o f constant SPMf^< 
( 5 0 0 m g L " ' ) and Us' (0 .20ms" ' ) . The size band 
divisions are given in Table 4. The size distribution 
of £) (Fig. 5A) has a pronounced positive skew at all 
vegetative densities, due to the presence o f large 
macroflocs within the distribution, although this 
decreases at 400 stems m~^, where floe size is 
< I73nm, and microflocs contribute to the bulk o f 
the spectra. Immediately obvious qualitative differ-
ences between these spectra are the presence o f 8 
extremely large floes (D%1265^m) at 0 stems m"^ 
which do not, subsequently, occur at higher stem 
densities, and an apparent negative shift in the 
modal floe sizes as the canopy is reduced to 
200 stems m - ^ . The greatest spectral reduction in 
floe size is initiated at 400 stems m - ^ ; no floes > Size 
band (SB) 5 occur (maximum floe size = I73nm). 
Floe sizes, however, appear to increase again within 
a canopy density of 800stems m"^. 
Ws (Fig. 5B) largely increases, and pe (Fig. 5D) 
decreases, with floe size. The importance o f the 
macrofloc populations to the depositional flux is 
shown in Fig. 5C. This figure illustrates the dry 
mass content of each size division. Despite their low 
frequency o f occurrence, the fast settling macroflocs 
within SB \2{Vd = 0stemsm"^) contribute a mass 
that is equivalent to that contained within the 88 
microflocs that occur in SB 3 (1^^/= 0 stems m-^) . 
I t is diff icul t to identify trends f rom the compar-
ison of spectral characteristics, so the process o f 
mass-weighted averaging becomes necessary. 
Figs. 6 A - C and 7 A - C illustrate log-log plots of 
floe W, and pe against D. These figures are derived 
f rom the mass-weighted means o f all micro- and 
macrofloc observations at each canopy 
density, where / I = 0, B = 200, C = 400 and 
D = 800 stems m"^ (18 mean observations in total). 
This approach provides a balance between: (1) 
reducing the variance caused when plotting all 
individual floe observations; and (2) increasing the 
number o f observations compared to plots o f floe 
sample mean values only (9 per experiment). It 
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Table 4 
Roc size band (SB) divisions 
SB 1 2 3 4 5 6 7 8 9 10 11 12 
20-40 40-80 80-120 120-160 160-200 200-240 240-320 320-400 400-480 480-560 560-640 >640 
incorporates better the larger end o f the floe size 
spectrum. Generally, Wg increases with Z) in a 
similar manner to that obser\'ed by other authors 
(Voulgaris and Meyers, 2004; Sternberg et al., 
1999), whilst the variation in is inversely 
proportional to particle size as observed by 
Manning and Dyer (1999) and shown in Fig. 5A 
and B. 
Each produces a distinct size frequency 
distribution. The slowest settling velocities are 
observed within a canopy o f 400stemsm"^. Such 
trends are described commonly in the floe research 
literature by power regression of the form {W^ or 
pe = D^). There is considerable variation in W^, but 
only 50-60% can be described reasonably by such 
simple, single parameter regression (see Fig. 6 A - C 
for regression fits). This is in contrast with the work 
o f Manning and Dyer (1999), Sternberg et al. (1999) 
and Voulgaris and Meyers (2004), where > 8 0 % o f 
variance is consistently accounted for. The variance 
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in {D) is better accounted for: = 0.60-0.77 
(Fig. 7A-C) . 
The derived relationships of IV^ between canopy 
densities are compared in Fig. 8A. The ranges 
of D for which each regression equation is valid 
are: 0 stems = 90-822 ^im; 200 stems = 50-314 ^m; 
400 stems = 64-245 ^un; and 800 stems = 70-256 nm). 
Increasing Vd initiates a negative shift in D and a 
reduction in Wj. This is most pronounced at 
400 stems m~^. Because these regression equations 
have not been produced over the same range o f D, 
it is difficult to compare directly the eflects of 
variations in K/. However, it is clear that there is a 
non-linear increase in the exponent of these equations 
with increasing V^. The relationships of between 
canopy densities with the range validity defined as 
above are compared in Fig. 8B. Floes within canopy 
densities of 200 and 800 stems m~^ exhibit a margin-
ally higher in comparison to the unvegetated 
condition, and yet the exponent o f these equations is 
approximately similar. Floes from within a canopy of 
400 stems m~^ have considerably lower pg (by ap-
proximately 3 orders of magnitude) in comparison to 
all other Vj. A t 800 stems m~^ the observed floes have 
the largest p^ for any given range of D. 
The power relationships between mass-weighted 
sample mean (Fig. 9A) or p^ (Fig. 98) as 
functions o f D for both micro- and macrofloc 
populations (regardless o f canopy density), are poor 
because o f the large spread in IV^ and Pe values for 
any one D (and vice versa). The overall trends 
(micro- and macrofloc populations combined) are 
illustrated and compared with those in other 
published studies in Fig. 9C and D. Note that both 
the gradient and magnitude in floe Ws (Fig. 9A) 
observed during the present study are lower than 
that observed by Sternberg et al. (1999), perhaps 
because of differences in environmental conditions 
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(i.e. deep, open water vs. shallow, obstructed water). 
The range o f D and magnitude o f values are 
considerably in excess of those observed by Voul-
garis and Meyers (2004). Interestingly, the gradient 
in the trend derived f rom our study is lower than 
that of Voulgaris and Meyers (2004). Our results are 
most similar to those of Manning and Dyer (1999), 
although the magnitude o f predicted f rom our 
study is marginally lower, and both show a distinct 
separation f rom the results of all other studies 
presented. Fig. 9B illustrates the trends in pe and 
compares them with those of Manning and Dyer 
(1999). In our experiments we observe a substan-
tially larger range than Manning and Dyer 
(1999). which may account partially for the 
slight differences evident in the region of 
D = 100-250 urn. The differences may also be due 
to the different averaged Hoc groupings. Our study 
utilises the averages of all micro- and macroflocs 
observed, whilst Manning and Dyer (1999) use 
averages o f only the 4 fastest settling floes. 
The values o f used in existing numerical 
models (A-Ci) are compared wi th those obtained in 
situ ( />!-£) (Fig. 10). Average values, with the 
exception o f the coarse population (C | ) used by 
Woolnough et al. (1995), show remarkable agree-
ment and are positioned around a mean Ws o f 
0 . 3 6 ± 0 . 0 9 m m s " ' . The hypothetical populations o f 
Woolnough et al. (1995), in their numerical model, 
are assumed to have an approximately Gaussian 
distribution o f particle sizes and consequently W,^ 
hence the equal spread o f values either side o f the 
G. W. Graham. A.J. Manning f Continental Shelf Research 27 (2007) 1060-1079 1073 
0 H 
Author 
Fig. 10. IV^ values utilised in existing numerical models (A-D2) 
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0.25mms"'; fl= French (1993), 0.4mms"'; C, = Woolnough 
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C2 = Woolnough el al. (1995). 0.33mms"' (max. 0.63mms~'. 
min. 0.03mms~'); D, = Voulgaris and Meyers (2004) 
0.24mms~' (tidally averaged, saltmarsh surface); 
D2 — 0.37mms~' (max. 1 mms"'. min. 0.01 mms~', tidal creek); 
E = present experiment, 0.55mms~' (max. 3.36mms~', min. 
0.0039 mms-'). 
mean. Voulgaris and Meyers (2004) observe invar-
iant IVs over saltmarsh surfaces ( / ) , ) but their 
observations f rom a tidal ereek exhibit a pro-
nounced positive skew. Our observations also show 
a similar, yet considerably larger, positive skew with 
maximum being some 33% greater than that 
used by Woolnough et al. (1995), and 236% greater 
than that recorded by Voulgaris and Meyers (2004). 
This skewness is the result of the observation of 
large macrofloc aggregates, and its magnitude is 
determined by sampling techniques and particle 
sizing limitations. 
4. Discussion 
4.1. Hydrodynamics 
Flow within the flume throughout the range of 
experimental canopy densities and flow velocities 
exhibited extremely low T K E values. Consequently, 
the intensity o f turbulent shear is lower than that for 
unvegetated flows and open estuarine conditions. 
Reynolds numbers for experiments in the vegetated 
flume are consistent with those o f Chen (1976), in 
which it was observed that the characteristics o f 
flow through dense vegetation diverge markedly 
f rom those o f open-channel (i.e. unobstructed) flow. 
Similariy, they are consistent with the results o f 
Kadlec (1990) and Leonard and Luther (1995), in 
which the transitional nature of wetland flows was 
noted f rom a Reynolds number perspective. 
Churchill (1988) shown that for a single erect 
cylinder in a horizontal flow field, flow is laminar 
for /2e,,e„, < 150. For 6 < yJe,;^^ < 44, separation 
occurs which creates a recirculation zone in the lee 
o f a cylinder. For 44 </2e,,^„, < 150, organised vortex 
shedding is observed. For 150 30,000, a 
turbulent wake forms. In a multi-cylinder array, the 
limits o f these regimes are likely to be different 
because o f wake interference, sheltering and tortu-
osity. For example, Nepf (1999) suggests that 
laminar flow in a multi-cylinder array occurs for 
Reyten, <200. Accordingly, the majority of our 
vegetated experiments fal l into this regime with 
only flow al t/^r = 0 .30ms" ' through of 
200 stems m"^ having ^e,,^„, >200. The transitional 
nature of our experimental flows is a result of low 
flow speed and wake interference from upstream 
stems causing downstream sheltering. Lateral shear 
produced by flow divergence around stems may 
delay the onset o f vortex shedding, and the 
consequent development o f turbulent wakes in the 
lee o f downstream stems (Nepf, 1999). As this is a 
consequence o f plant-f low interactions, this effect 
wil l be proportional to canopy density, which is 
confirmed by diminishing Restem (see Table 3). 
Western is approximately similar for Vd = 400 and 
800 stems m"^ and, at max U,sr. is ~32% of Re^,^„, 
values at ^ ^ = 200. The flow driving mechanism 
(surface shear) differs f rom that encountered in the 
field (pressure gradients) and, coupled with a ful ly 
vegetated (hence, sheltered) bed, may also contri-
bute to the low turbulent energies observed. 
Sequential increases in stem density have been 
seen to cause an approximately exponential attenua-
tion o f mean current velocity. Such attenuation is 
the result o f momentum extraction via the hydro-
dynamic form drag of the vegetative *roughness 
elements' (Kadlec, 1990; Shi et al., 1995). The 
general trend and magnitude o f variation in mean 
velocity agrees closely wi th observations o f a non-
linear, density-dependant relationship between 
depth-averaged current velocities and S. anglica 
stem density made by Widdows and Brinsley (2002) 
in an annular flume. I n those experiments, a density 
o f 400 stems m~^ was identified as a threshold above 
which free-stream velocities were reduced by 75%. 
Our experiments illustrate that at the same stem 
density, mean current velocities are attenuated by as 
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much as 90%. This difference may be associated 
with seasonal variation in size and biomass dis-
tribution, and the differing flow speeds we con-
sidered. 
Many authors have stipulated that the production 
of quiescent flow regimes with increasing stem 
density actively encourages the deposition of fine 
sediments. Such statements are widely asserted but 
often without a complimentary examination o f the 
turbulence structure within the vegetative stand. It 
is the intensity of the fluid turbulence that governs 
sediment entrainment, as well as the maintenance of 
vertical concentration profiles (French, 1993), and 
deposition. Turbulent shear has been shown to exert 
principal control over the characteristics of floccu-
lated suspensions (Manning and Dyer, 1999). Yet 
shear values in our experimental flows are between I 
and 2 orders of magnitude below those typical of 
estuarine environments. Thresholds for floccula-
tion/disaggregation (e.g. 0.35 N m ~ ^ , proposed by 
Manning and Dyer (1999)) been established for 
open water, estuarine environments without con-
sidering vegetation, and may not be valid for 
shallow flow, low shear, vegetated environments. 
The intensity of fluid turbulence is greater, in 
comparison to unvegetated conditions, with flow 
through a canopy of 200stems m~^. This is attribu-
table principally to flow disruption and eddy 
shedding in the lee o f the submerged macrophytes. 
At a density of 800 stems m~^, the apparent increase 
in TSS is unexpected. For a canopy o f uniform 
morphology, the magnitude of turbulent fluctua-
tions wil l be determined by; ( I ) mean flow velocities; 
(2) the vertical variation in plant biomass, hence 
relative flow obstruction; (3) hydrodynamic drag 
(Nepf and Vivoni, 2000); and (4) typical stem 
diameter. Consequently, an inverse relationship 
could be expected between shear and experimental 
stem density. The apparent departure f rom the 
expected trend may not necessarily be a strict 
consequence of the variation in stem density. It 
may also be attributable to changes in A D V 
measurement positioning relative to individual 
stems. 
Concern is often raised about the presence and 
effect o f 'secondary currents* in annular flumes. 
These have not been specifically investigated, but 
they are certainly present in the unvegetated 
experiments (the tangential velocity being between 
3% and 5% of the radial flow). The use of the 3D 
A D V obviously allows the incorporation of all 3 
components of flow in the calculations of shear 
stress: secondary currents are not considered 
significant when compared to the magnitude o f 
flow disruption caused by the vegetative stems 
themselves. 
Generally ti>D, except where rare, strongly 
bonded floes occur. Theoretically, floes should 
attain maximum sizes more or less equal to //, and 
yet they are consistently smaller. The shallow water 
column within the flume, together with the shear 
range used and the presence of obstructions in the 
flow have the net result of promoting flocculation by 
turbulent shear, with negligible influence f rom 
differential settling. It is therefore reasonable that 
(floe) DKtj. 
These experiments simulate a depth-limited (i.e. 
submerged) canopy, rather than the emergent 
situation which is more commonly encountered in 
nature. The influence of flow induction by shearing 
the annular ring vs. pressure gradients is unknown. 
The majority o f studies on the effects o f vegetation 
on hydrodynamics have been conducted in straight 
flumes (e.g Neumeier, 2007) using clear water, 
where flow is induced by pressure gradients. 
However, a typical method o f studying the influence 
on suspensions in the laboratory is by use of 
annular flumes in which low to high concentrations 
o f cohesive sediments can be added. 
4.2. Floe properties 
These experiments have produced a wider range 
o f floe sizes and settling velocities than have been 
observed in the field or utilised previously in 
numerical models. Indeed, it might be the case that 
crude sampling techniques have caused floe disrup-
tion and subsequent underestimation o f floe size in 
the studies of French et al. (1993) or Furukawa et al. 
(1997). Maximum D is larger by as much as a factor 
o f 13, than that observed in vegetated flow fields by 
Furukawa et al. (1997), and by a factor of 18 than 
observed on saltmarsh surfaces by Voulgaris and 
Meyers (2004). The complex, non-linear modifica-
tions to TSSs, induced by flow through vegetation 
o f varying density, as well as the physical presence 
o f the vegetation itself, appear to result in notably 
different D and IVj in comparison with unob-
structed, open-water conditions. I f power law trends 
are compared, this variability is obvious and next 
generation numerical simulations o f short-term 
sediment deposition will need to account for the 
consequent variability in sedimentation on the 
development of geomorphic gradients across 
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saltmarsh surfaces. A t this point in our investigation 
statistically significant differences between vegeta-
tive densities cannot be determined. The existence of 
fioc size gradients, as hypothesised by Christiansen 
et al. (2000), therefore cannot be substantiated f rom 
our observations o f Ws and D. 
Power law equations derived by a number of 
authors f rom in situ studies are compared in Fig. 9C 
over the range o f floe sizes observed during the 
experiments presented in this paper. Striking simi-
larities can be seen between the equation o f 
Manning and Dyer (1999) and that produced for 
Ws f r o m the present experiments. The differences 
between these two plotted equations and those of all 
other authors included in Fig. 9C is attributed 
principally to instrumentation differences, although 
data manipulation (i.e. the choice of sample 
average) wi l l also have an influence. The use o f 
non-destructive, in situ sampling has enabled the 
largest, low-density (hence, fastest settling) macro-
flocs to be incorporated into these data sets. The 
underestimation o f at low D by Voulgaris and 
Meyers (2004), and the overestimation that would 
occur using their power law outside its range o f 
validity (i.e. for D> lOO^m) (see also Sternberg et 
al., 1999) illustrates the crucial importance o f being 
able to capture a representative sample of floe sizes 
that includes the very largest, low-density, fragile 
individuals for estimating settling fluxes. 
Ws and pe are not determined solely by floe size, 
and the use o f algorithms based upon single floe 
characteristics are inadequate to describe our 
experimental data. The additional variance, not 
accounted for by power regression with D alone, is a 
function o f SPM concentration and turbulent shear 
(as illustrated by the Manning and Dyer (1999) 
algorithm) and perhaps, in the present study, 
vegetative density. A better description of Ws and 
Z), and the basis for the development o f predictive 
tools, would be provided by multiple regression o f 
the parameters T, SPM cone, I>, and Vj. However, 
linear regression for separate micro- and macrofloc 
populations cannot account for more than 50% o f 
the variation in Ws observed. This is attributed 
primarily to the small experimental range consid-
ered and the complex variation of T with I^rf(see Fig. 
3B). Non-linear regression formulations are pre-
sently being tested in attempt to describe floe Ws 
variability. 
The inherent limitations o f instrumentation with 
upper particle sizing limits are illustrated in Fig. 10. 
The observations of Voulgaris and Meyers (2004), 
over a small particle size range, are dominated by 
microflocs and, consequently, exhibit a slight skew 
due to a number o f particles being observed up to 
the operating l imit o f the LISST system (~250jmi) . 
The Ws data set f rom our experiments (Fig. lOE) is 
dominated similarly by microflocs, but exhibits a 
pronounced positive skew as a number of large, 
low-density, yet fast settling macroflocs were 
observed. This is a tremendous benefit of the 
LabSFLOC's upper particle size limit being of the 
order of 3-4 mm, well above the expected size of 
flocculated particles. The limitations o f LISST, 
• most notably its low upper particle size limit and 
'the necessity o f estimating pe (which we have 
observed to vary over 3 orders o f magnitude within 
samples), are widely acknowledged. Its use in our 
study would have prevented the observation of the 
lop 4 % o f our data set (ranked according to D). 
However, this relatively small number of macroflocs 
(223 individuals between 250 and I265nm, with 
settling speeds o f 0.23-3.37 mm s~') is responsible 
for 49% of the total M S F produced over the range 
of experimental scenarios. 
Parameterisations o f average, invariant particle 
sizes/settling velocities, as used presently in explora-
tory wetland simulations, may be sufficient for long-
term predictions, in which the system may be 
relatively insensitive to short term variations in 
MSF, or where these are likely to be masked by the 
long simulation periods. SPM contains particles o f 
many different sizes which form an hydraulically 
determined population. The D and Ws o f cohesive 
sediments are dynamically active, and their repre-
sentation with fixed values is obviously problematic. 
The development o f morphodynamic models in 
which short period sediment deposition is important 
will require the variation in Z), Ws and M S F to be 
represented accurately and system sensitivity to be 
assessed. Woolnough et al. (1995) shown the 
importance o f incorporating the variability in Wg 
into the prediction of accumulation rates over tidal 
cycles, albeit with hypothetical sediment popula-
tions. Our data suggest that the assumptions o f 
Gaussian distributions in D are perhaps inappropri-
ate having been based on floe observations in which 
incomplete floe size spectra have been unknowingly 
observed. The sensitivity o f deposition to these 
*skewed' data sets needs to be examined as failure to 
account for the largest floe fractions may lead to 
serious underestimation of the depositional flux. 
O f course, such comparisons assume that the 
particle size distributions produced during our 
1076 G. IV. Graham. A.J. Manning / Continental Shelf Research 27 (2007) 1060-1079 
laboratory experiments are characteristic of natural 
vegetated flows. In a laboratory annular flume we 
have a number of limitations that could reasonably 
affect the spectral characteristics o f the floe samples 
obtained. The invariant water height of the annular 
Hume means that these experiments simulate in-
undation of a saltmarsh platform at, or approach-
ing, high-water slack. Deposition wil l occur at all 
water levels during inundation and our experimen-
tal velocities are larger than might be expected for 
such flow depths. A natural vegetative canopy has a 
much greater complexity than the evenly spaced 
array used in the laboratory. In addition the upper 
canopy and sheaths are usually smothered with 
algae (typically Enteromorpha spp.), and the bed 
littered with plant and animal debris, which wil l 
alter the hydrodynamic regime f rom that observed 
in our idealised experiments. 
At this stage we considered only uni-directional 
currents and have neglected the influence of wave-
induced turbulence on floe properties: this is likely 
to alter ambient shear, and thus floe size, consider-
ably. The effects of large-scale fluid dynamic 
processes such as these cannot be investigated fully 
in the laboratory. In the field, the magnitudes of 
observed variations in velocity and turbulence wil l 
vary with factors such as seasonal plant growth, 
species composition, canopy shape and structure 
and should therefore not be considered a constant. 
Additionally, seasonal variations in salinity, tem-
perature and viscosity may also have an appreciable 
impact on rates of W^. 
The development o f the suspension within the 
canopy cannot be regarded as due to floccuiation 
alone. Particle depletion within the entire water 
column is likely to occur due to sedimentation on 
the bed and onto plant surfaces. Sedimentation was 
observed to occur within the canopy during the 
experiments, and, undoubtedly in some cases, the 
fastest settling floes have been deposited before floe 
samples could be obtained. The vegetation itself 
may segregate the suspension further by 'filtering' 
particles via direct sedimentation onto leaves (e.g. 
Elliot, 2000). This means that the floe size distribu-
tions identified occur not only as a function of 
floccuiation, but also by segregation of the initial 
suspended particle size population into deposited 
(onto bed and vegetation) and suspended fractions. 
This is caused by the flow velocity reduction 
induced by vegetative drag (allowing Marge' aggre-
gates to settle preferentially), and by direct particle 
capture by the vegetative elements themselves (aided 
by mucal biofilms on the plant surface). Trapping 
efficiencies are likely to be a consequence o f 
vegetative density, the vertical distribution of 
biomass, mucal biofi lm *stickiness' and percentage 
coverage, as well as the particulate residence times. 
However, field studies by French and Spencer 
(1993) shown that direct sedimentation to plant 
surfaces accounts for only 2-5% o f total deposition, 
and that the ^significance o f vegetalional retention 
should not be overstated'. 
5. Conclusions 
This novel investigation into floccuiation kine-
matics in vegetated, shallow flows, using an annular 
laboratory flume allows us to conclude the fol low-
ing: 
• There is an approximately exponential current 
attenuation with increasing stem density. 
400stemsm~^ demarcates the most significant 
reduction ( ' -90%) in mean current velocity 
compared with unvegetated flows: this is almost 
20% greater than has been observed previously 
for S. anglica canopies. 
• TSSs are 1-2 orders o f magnitude lower than 
experienced in open-water, estuarine environ-
ments. Restent for maximum and minimum flow 
velocities in the Lab Carousel annular flume 
indicate that flow regimes are not ful ly developed 
turbulence. Future studies should consider using 
the 'double average' methodology of Raupach 
and Shaw (1982) to account fo r flow variations at 
the stem scale. 
• Floe settling velocity (W^) and effective density 
(pe) observations exhibit behavioural character-
istics common to estuarine floes. is inversely 
proportional to the spherical equivalent floe 
diameter (JD), whereas p^ declines with D. The 
influence o f vegetation density remains to be 
substantiated. Work continues to elucidate the 
variability in A W^j, and M S F to verify the 
findings o f Christiansen et al. (2000). 
• Combined micro- and macrofloc mass-weighted 
Ws and pc show distinct power law relationships 
with stem density. However, the variance in W, is 
poorly explained by such simple, single para-
meter regression (especially at 400 stems m~^). 
Increasing vegetative density {VJ) initiates a 
negative shift in D and a reduction in W^. This 
is most pronounced at 400 stems m~^. Floes 
within canopy densities o f 200 and 800 stems m"^ 
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exhibit a marginally higher in comparison to 
the unvegetated condition. FIocs from within a 
canopy of 400 stems m"^ have considerably lower 
(by approximately 3 orders of magnitude). At 
800 stems m"^, floes have the largest for any 
given range of D, Variance is better explained by 
a power regression and use of p^ than IV^. 
• The distinction of two floe groups (micro- and 
macro-) indicates that separate multiple regres-
sion is appropriate to describe the change in Wj 
of these populations under varying conditions of 
shear stress (T), S P M concentration, D and y^t. 
General linear models for regression appear to be 
inadequate, and the inclusion of non-linear terms 
is being tested. The two populations should be 
treated separately within parameterisations of IV^ 
and M S F . 
• The use of L a b S F L O C appears to allow the 
incorporation of larger, less dense, and faster 
settling floes than have been reported previously. 
This study is the first to quantify the size and 
settling velocity ranges of these particles. 
• Invariant settling velocities and Gaussian dis-
tributions of size/settling velocity used commonly 
in numerical models are observed to be inade-
quate representations of the characteristics of 
flocculated suspensions in shallow, vegetated 
flows. As macroflocs make up a considerable 
mass contribution to the settling flux, it is crucial 
that their characteristics are incorporated into 
the development of sediment deposition models 
to prevent underestimates occurring. 
• It may be unwise to adopt settling flux algorithms 
developed for unvegelated, estuarine environ-
ments as a basis for prediction in shallow, 
vegetated flows without accounting for the 
influence of the vegetation itself as any effect 
on flocculation will undoubtedly be stem den-
sity-/morphology dependant. 
• Field comparisons are urgently required to assess 
whether the difference in flow forcing between 
laboratory and field creates crucial differences in 
canopy flow response. 
• A wider range of shear, SPM and stem density 
ranges should be investigated if flocculation/ 
disaggregation thresholds are to be elucidated for 
shallow flow, low shear, vegetated environments. 
• Further work is needed to compare and contrast 
profiles of velocity and turbulence within vege-
tative canopies in straight flumes vs. the same 
profiles in annular flumes to elucidate any 
differences which may be caused by differences 
in flow forcing (see Bouma et al., 2007; Neume-
ier, 2007). 
• The suspension variation/partitioning effects, 
induced by *filtering* of particles onto leaves 
and by different trapping efficiencies, need to be 
determined. Consequently, possible influences 
due to variations in alone are difficult to 
identify at present. Further investigation is 
required to examine the temporal evolution of 
the floe size spectra, using higher frequency floe 
sampling from the inception of flow at the 
beginning of an experiment, until full deposition 
has occurred. 
• As there have been no accurate in situ surveys of 
the characteristics of SPM during sattmarsh 
surface inundation, it is impossible to establish 
whether the observations we have made are 
characteristic of complex, vegetated flow fields. 
Further work is required to obtain accurate, in 
situ near-bed observations, throughout entire 
tidal cycles (and encompassing a variety of water 
depths), above saltmarsh surfaces, within salt-
marsh creeks and adjacent estuarine waters to 
increase the size of our shallow-flow flocculation 
database, and to cover a wider range of shears, 
vegetative densities (and species), as weU as SPM 
concentrations. This will allow validation of 
laboratory observations, determine the influence 
of Vj, and enable the development of a robust, 
predictive algorithm for and M S F within 
wetland environments. 
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